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No kinovations in the Annual Report this year. Everything should !,e where y o u  expect i t .  

The new directions nientioned ;I year ago occupied the al.1eritiori o f  mot<; and more members of the 

siaff, h i t  only at  the level of proposal writing, i i o t  in t h e  conduct of wsearcli that would appear herein. 

Perhaps next ycar. ?'he niost exterisive proposals a i d  the ones we are counting on inost heavily re jircserii 

continuation and extension of the present Water Research Program, bu t  ~ ~ O I J ~ S  ;is diverse as the 

Trarisuraniirin Rescarc:h Iijlwratory, Oqgrijc Chemistry, and Molecular Bi:anis fourid areas in wbicll their 

capabiliiics might be usefully applied to certain enviroriniental problems. 

k s p i t e  the distr:ictions of  proposal wriliiig. ouI iusual produci-, research results. appeared at ;L :;ornewhat 

increased rate. I n  addition to the usual selection, these included: so~i ie  iriteresting obsetwtions in fields Ioiig 

~mclei- study (the g a s - p h a ~  slxctrurti and somi: [ate consrani ts or I-I(I2 ; precise neutron atid x-ray diffmction 

data for liquid gallium, showing complete equivalence); smne iiew applicatioixs of old I ech oiques (elec trot) 

speclrornetry of the actinitles; Iirrecjuivoc:d iilenlification of transfermium elements by- the bloscley 

tcchnique); arid a11 invention (the measurement of' electrolytic conductance hy a poteii tjosfatic melhocl). 

B y  riext year, s a n e  of the new directions we propose to take will he opened o r  closed. No niatter how 
that goes, howcver; we are already coniniitted 1.0 dropping a iew o f  our present i ~ t e ; ~ s  of reSeaC4:h. 'These 

changes in 01.11 research prograrii will be sornewli;~ t gradual iri order to miiiiinize the waste of past effort, but 

in the case or iiut- one production activity, the oxygen-1 7 plant, i t  is already shut down. 

ix 
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TffE RETURN TO n = 49' 

E. EicMer S .  Ranian' 

Like a never empty bowl, 1 . h  niodest little riucleus 
4:3Ca reveals iiew insights at  every reexamination Last 
ycar3 we tiiscussed t ~ i e  results of  our attempt to 
determiire the spin of the iriiportarit 4507-keV level. tn 
addiliori, we ten taiively listed a number o f  new weak 
traiisi ~ i o ~ i s .  Now wc have corifirnied the existerrce o F  
the low-intensity lines by a variation of the "mobile" 
source experiinent. A "Ca source was prepared, 
counted for about 4 niin, nioved closer to  the detector 
to restore the initial counl iiig rate, arid co~inted agaiii 
for 4 niin. This procedure was repeated for a total 
counting tinie of 45 min. The areas of the gamma-ray 
peaks were computed relative to [he area of the 
double-escape peak of the well-estat~lished 3084.4-keV 
g m m a  ray. Those gamma I-:iys with consl,an~ tela tive 
areas over four half-lives of' counting were designated at; 
legitim te. 

'The 143.2- and 1408.9-keV gamma energies were 
determined in two separate runs by counting "'Ca 
sources with 57Co arid "Co sources respectively. The 
143.2-keV gamma energy measurement was tlorie with a 
~ . ~ ~ - c i r i "  Ge(1.i) x-ray detector [the other measure- 
ments were rnadr: with a 6.5% Ge(L,j) detectoi] . These 
two ganinia peaks, together with t.he three peaks 
associated with the 3084.4.kcV ganinia ray, served as 
internal calibration standards. 

'The tlecay scheme in Fig. 1 .  I ,  based on the present 
and previous study4 of 49Ua decay. includes a11 of the 
observed gariiriia rays. The levels at 2228.6 and 2371.8 
keV are well established irorn 50Ti(d,3fle) sructies.5 
Since the 0- disintegration energy6 Q- = 5263 Itr 5 keV 
and since there are no knowti levels lielow 2.22 MeV 
from reaction studies,6 the 3084.4-, 407 1.9-, arid 
4738.2-keV garnrna rays must be grouncl-sf.ate transi- 
tions. The three levels thus established have also been 
excited iri stripping r e a c t i o ~ i s . ~ - ~ ~  Vingiani, CMosi2 and 
Bruynesteyn' have observed high-energy gamrna rays 
from tesonance proton capture leading to a level at 
3513 k 5 keV. Therefore: we have assigned the 1288.4- 
and 1144.5-keV ganinia rays as deexciting a level at 
35 16.6 keV. Finally, the 4493.3-keV level is established 
by our 1409-3084 keV correlaliori studies. 

The lifetime T I  12 = I .40 -t 0.09 nsec measured by 
Chilosi and Viiigianil ' Cor the 2.37 I .X-keV level and the 
gamma-branching ratio measured i n  this work imply 
tha l  the 14.3.2-kcV gamma tiansition (assumed to be 
Ml)  is hindered by a factor of 250!) k 400 and the 
237 1 .7.kcV ganirna transition ( M 2 )  by a Factor of 470 * 
70 over 1 he Moszkowski esl iiriates. 

With simple proton configurations of tlie type 

"Sc 237 1 .g-keV level and the ground s ia te ,  respec- 
tively, the M 2  transition is expected t~ p[(:)~e(tl at 
nearly 1 . 1 1 ~  single-particle rate. The observed K 2  hin- 
dra.nce can be understood within the framework of 
calculatioris by Kurath arid Lawsonl arid by lawson 
and kIacf;jrlane.'3 In these calculations, the authors 
have shown that M 2  irhibitiim will reiulf. in cases where 
the vvavc functiun of ilie hole state has appreciable 
cm-exci l e d  coiriponcni s. Specifically, the authors have 
compared observed M 2  transition rates in 4 3  ,45 34 7Sc 
isotopes with those calculatqd using wave furictions 
projected from the appropriaty Nilsson wave functions. 
The extension of  these calculafions by Lawson' to the 
" S c  case leads  C<j ;I ~ ( ~ ' j t  admixture of 
[ ( f 7 / 2 ) i ( d 3 / 2 ) - 1  1 3 / 2 1  core-eAcited conip:)tie~i ts in the 
cigenf'uiictions for the 3/2i hold state and a resultirig M2 
hindrance (in Mos~kowslii uti ip) of 1 70. A shell-model 
calculation, also by Lawson,? leads to similar M2 
inhibition, but in h i s  case the probability of core 
excitation is only about 14%.  Experiirientally, the 
presence of core excitation ilc suggested by the d 3 / 2  
pickup strength of 3.39 [*19% lower thrin 1he maxi- 
mum of 4.01 for the 237j-keV level obtained by 
Newiiiari and L-fiebert' f rom the 5 0  He) reaction. 

Since an S , , ~  strength o f  2 j (4  was also obtained by 
Wewman and Hiebert5 fo r  the 2228.6-keV level, this 
level is probably due to singlk-hole excitations of the 
type [cI';/2)t(s1 ] , /2+. 'The strong M1 inhibition 
of the 143.2-keV gamma transition imrnedialely follows 
from I-forbiddenness. The lobservation' that the 
2228.9-kcV E3 transition pryceeds ai. close to single- 
particle speed is also cqnsistent with a pure 
[(f7/2)i(s1 ,2)-' /2i configbration for the 2228.6- 
keV level. 

As a natural exterision of tlie study of 49C:i decay, we 
have investigated the decay of "Sc to levels in 49Ti. 

i v y  / 2 )i(di; 2 1.3 1 2' I / 2 * ($3 / 2 1; 1 7 / 2. 'Or the 
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The only previous report of  gamma-ray emission in 
4 9  Sc clecay is that by Rezanka et a!.,' who obst:rved 
[wit.h an NaI(T1) detector] a single gainnna ray of 
energy 1.78 t 0.04 MeV and intensity 0.03 per 100 
decays of 49Sc. We studied the 49Sc  decay by first 
preparing an intense 49Ca source. After an elapsed 
interval of 100 rnin, by which time virtually all of4 'C3 
had decayed to 4 9  SC, the ganima spectrum couiitetl for 
1 hr sliowed two peaks superimposed on tlie brerns- 
strahlung background. These two peaks were observed 
to decay with the half-life of 49Sc ( T ,  ,* = SJ.4 niin). 
With eriergy calibrations provided by the gamma radia- 
tiorrs from "Cl and ThC" sowces,  the gatnma energies 
w w  determined to be 1622.6 ? 0.6 arid 1761.9 k 0.3 
keV with absolute intensities of 0.01 C 0.003% and 
0.05 O.Qi%. These transitioris arc included il-1 the level 
scheme of Fig. 1.1. 

concerning the level structure of ' Ru, and these 
results have been Our preliminary study6 of 
h e  decay of 14.6-1nin I O'Tc (I" = '/!+) lo  levels of 

Ru has been extended by recent high-resolulion 
gamma-ray spectrometry, and a revised decay scheme 
has been determinecl. 

Ganinia-ray energies and iii tensities were measured 
with a higti-cfficiency, Iiigh.resolui ion Ce(Li) detector. 
Gamma-garnma coincidence relatioriships bei ween some 
or tlie intense gamma transitions were deterrriiiiecl by 
iise of two 7.5- by 7.i-cin NaI('I'1) scintillation detectors 
set I 20" apart and connected to a two-p;irarrieter 
pulse-height analyzer for data acquisition. Beta energies 
were determined with a well-type anlliracene scuntilla- 
tion spectrometer. Ueta-gamma coincidence relation- 
ships were sfudied with anthracene anti Nal(T1) de- 
tectors. 

Tc were chemically separated from a 
large sample of 14-mia '"Mo, which in turn was 
ptepare(i by neutron captiire on l o o  MO. Several of   he 
garnina eriergjes assigned to the decay of ""TC were 
disturbingly similar in energy t!, garniria energies of 
' Mo. Caiefiil comparisons bctween l o  ' Tc arid 

Mo spectra showed that the '*"Tc peaks in 
question (lo happen to lie very close in energy to 
' O Mo gamnia-ray peaks (see l'able 1 . I  ). 

Table 3.1 gives the energies ar id  iiiterisities of all 
ganmrna rays observed in a Tc source, as well as a 
ciiinparisf.)n with the energy values of' the same 1 i t m  

observed i n  Coulomb excitation.' Intensities are cor- 
rected foi iii ternal conversion, wf~ich i s  especially 
irnportnnt for the 127-keV g;lninia ray. Also listed are 
the neightming l o  Mi; lines ;in(i their intensities 
relative lo  the 307-keV line of * I  l'c io the g;irnnia-ray 
specti-itm of ii l o  Mo roiiice rixasurecl 45 rnin after 
irradiaf ion. 

The rnosi energetic beta-ray group in the decay of 
'" 'Tc has an energy of 1 .:i I * 0.03 M ~ V  arid is i o  
cojricideiice wi th  tlie 307-keV gamma ray .  An inner 
beta group of energy 1.07 rt 0.03 MeV is in coincidence 
with the S.t5-keV gamm:i ray, 

The decay sdieriie shown in Fig. 1 .% accounts for all 
of ihe gamnia rays for which coincidelice data were 
obtained. Some levels were assigned from energy S H ~ S  

alone, if more than om garima-ray cascade yielded the 
siinie level c n e r u .  No zoincirlenci: data are available for 
the 6'74.0- arid 826.2-keV garnnia rays, a n d  their 
energies do  not correspond lo any of the differelices 
between esfatdislied levels. These unassigned garnriia 
rays may correspond to ground-state transitions. 'I'he 
level scbeine of Fig. 1.7- is seJK-coiisistent and agrees 
witli cl:it:i froi-n Colulonib excital.ioo7 of Ru and 
decay of (,be O ' mi isoiners.' 

Sources of 
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'Table 1.1. Gamma rays of 'Tc observed in the present work 
and their transition intensities compared with corresponding 

lines observed by Coulomb excitation 

AISO given are energiey and intensities of gamma rays of O MO 
which lie particularly (:lose to some established I o  'Tc liner 

' O M O  source measured 45 niin 
'7 (keV), after the end of the irradiation 

excitation' I ,  relative to the 
ETb (keV) 307-keV transition 

I o 1 T c  source separatcd 
froin l o  M O  Coulo,,,b 

E,  (keV) I ,  (%) 

72.5 I 1 
84.8 I 1.4 

127.1 L 0.2 
179.4 t 0.3 
184.0 t 0.3 
233.7 i 0.3 
238.3 * 0.3 
295.2 i 0.5 
306.7 I 0.2 
321.7 5 0.5 
383.1 i 0.5 
393.0 i 0.3 
413.0 2 0.5 
422.5 +_ 0.5 
488.1 t 0.5 
515.9 t 0.2 
531.1 f 0.2 
544.6 = 0.2 
602.8 = 0.5 
616.9 i 0.3 
621.7 * 0.2 
626.7 +_ 0.2 
631.7 ? 0.5 
674.0 i 0.5 
694.3 z 0.2 
715.6 i 0.2 
720.0 i 0.2 
811.1 1 0 . 2  
826.2 i 0.5 
842.7 i 0.2 
911.9 i 0.3 
928.5 i 0.2 
938.1 t 0.2 

-~ ..______ _- 

0.01 i o . 0 0 5  
0.04 i 0.005 

1.5 t 0.2 
0.3 t 0.03 
1.4 t 0.02 
0.1 z 0.02 
0.3 i 0.03 

0.04 i 0.01 
90.0 i 9.0 
0.04 i 0.006 
0.02 I 0.003 
0.06 : 0.007 
0.02 r 0.004 
0.03 i 0.005 
0.03 t 0.005 
0.08 t 0.009 

0.8 i 0.08 
4.8 i 0.5 

0.01 r 0.005 
0.03 ? 0.005 
0.07 t 0.008 

0.4 t 0.04 
0.04 i 0.003 
0.02 i 0.003 
0.06 i 0.007 
0.06 i 0.006 

0.2 t 0.02 
0.06 * 0.007 

0.002 IO.001 
0.2 IO.02 

0.01 z 0.002 
0.09 t 0.03 
0.08 t 0.008 

127.2 i 0.2 

184.1 i 0.1 
233.7 t 0.1 
238.1 z 0.1 
294.8 i 0.2 
306.8 i 0.2 

413.1 i 0.2 
422.0 t 0.1 
489.1 i 0.2 

544.9 

616.3 = 0.3 
623.2 t 0.6 

720.1 i 0.2 

928.9 I 1.5 

.. 

42 I .4 

513.2 
532.7 

625.5 

695.2 
712.7 

0.22 

1.8 
0.9 

0.4 

3.5 
2.1 

933.8 2.1 

'Kistner and Schwarzschild. ref. 7. Only those gaiiiiiia rays which were also 
observed in the precent work are listed. 

those lincs which lie close to ' " 'Tc  lines are listed. 
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Fig. 1.2. Proposed decay sc;her~ie of l o  “IC. Iktshod lincs denote wzak transitions, whose assignment may he Iiiiccrtiin. 7’he 
31 I .2-.keY line was n o t  obstsrved directly in tiic rxeserit work 

Our tiecay scheme of ” Tc is in excelli:n t agreement 
wilh results seceritly piiblislied by Siwamugsatharn and 
Easterthy’ in all iii;ijor respects. A level a t  1001 keV 
(694 + 3077) was proposed by Siwaniogsatham and 
Easmday. in  agreemelit with ;I lcvel S C ~  irr rmclear. 
reaction spectroscopy. We find no eviderice for a 
306.‘7-094-.3 keV cascade iii our gamma-gainma coirtci- 
dcricc stiitlies, nlfbough the low intensity 01’ the 
694.3-keV tramition does not allow LIS to  rule out the 
excitation o f  a level a t  100 I .  I keV in the decay of 

O 1  Tc. S~watnogsaiba~ri ;irtd EasteLday also propose a 

level a t  6‘74 keV, supported only by a single gamma-ray 
transition. As noted abovc, we recognize tius possibility 
but choose r i o t  to ixiclude th.is transition in Fig. 1.2 
because of the Pack of supporting cvidcnce. 

1. Summary of a paper scci:p!ed For publicaiioo in Nuclear 

2. Middlc East ‘Technical University-. Ankara, Turkey. 
3. Cerllre d’Etude de 1’Energie Nuclc‘ajre, Mol, BeZgiurn. 
4. In t i lu to  dj Fisica Superior(:, IJniversiti di Napoli, Napoli, 

I’hy.sic~s. 

Italy. 
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The O 4  Rh sources were produced by irradiating Rh 
metal foil in the Oak Ridge Research Reactor. In order 
to study the two activities independently, we utilized 
the principle of differential activation. When the 43-sec 
lo4gRh was to  be emphasized, the irradiation tiine was 
about 1 to  2 sec, whereas for the 4.41-min lo4"*17h 
decay study it vaiied from 20 to 50 sec. For the 
4.41-min 104'nRh decay study the counting was started 
7 to 10 min after the end of irradiation in order to 
allow the independently produced 43-sec 04"Kh ac- 
tivity to  decay. 

The gamma-ray singles spectrum for the equilibrium 
source of  43-sec 104gRh and 4.41-min 104mRh mcas- 
ured with a 6.5% Ge(Ci) detector is shown in Fig. 1.3. 
This spectrum i s  the result of summing the individual 
spectra obtained fi-om a succession of 14 sources 
counted over a period of 4 hr; each source was counted 
for = I5  min. During each counting period the source- 
to-detector distance was decreased eveiy 15 sec (from 
30 cm to I O  cm) to  maintain a constant count rate of 
~ 1 . 5  X IO4 per second. By moving the sources we 
increased their effective half-life and also avoided any 
shift in the peak position which might arise from the 
varying couiit rate. 'The low-energy (G300 keV) singles 

spectrum for 4.41 -min 04"' Rh decay was measured 
with a Ce(Li) x-ray detector having a surface area of 75 
rnm' . 

Energies and intensities of the gamma rays assigned to 
the decay of ' 04mKh and Io4XRh are summarized in 
Table 1.2. Energies of the prominent transitions were 
obtained by counting the 04"' Rh sources simultane- 
ously with IAEA calibration soiirces (' ' Na,  7Cs, 
6oCo, "Y), and in turn these strong lines were later 
used as calibration lines for other relatively weaker 
gamma rays. 

Our results agree quite well with those of Ionescu and 
Kern,4 except that they kiiled to observe the 629.6-. 
839.9-, 1264.8-, and 1689, I -keV gamma rays. 

coincidence measurements were performed with two 
Gc(Li) detectors with active volumes of 35 and 40 an3 .  
The coincidence events were analyzed in a two- 
parameter mode with two 4096-cha1inel analog-to- 
digital converters and then recorded as elcmcnts of the 
type XiYi on a magnetic tape. In order to achieve 
inaxiniurn coincidence efficicncy, the two detectors 
were arranged in 180" geometry. A lead absorbel- (0.6 
mm thick) was placed in front of each detector face to 
stop 2.44-MeV beta rays and the lowenergy gamma 

ORNC-DWG. 71-501 . . . ~ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I _ _ _ . . _ _ _ _ _ . . -  ___- 
'04Rh (4.41 min) T-SPECTRUM 

555.81 MEASURED WlTH WCC Ge(Li) DETECTOR 

767.78 

1237.05 

1341.67 1575.60 

(62580 

1793.83 

CHANNEL NUMBER 
BO 

Fig. 1.3. Singles gamma-ray spectrum from the decay of 43-sec and 4.41-min Io4Rh (equilibrium source). This spectrum was 
obtained by allowing lo4Rh sources to decay for 8 to 10 rnin before the counting was started. 
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dence relationship between the 555.8-keV gamma ray 
and two weak gamma rays at 1264.8 and 1689.1 keV 
was established from the data obtained with an 
Nal-Ce(Li) coincidence arrangement. 

Directional correlation measurements were made on 
four cascades involving the 555.8-keV ground-state 
transition and the four gamma rays that feed it by using 
a 3- by 3-in. NaI scintillator and a 40-cm3 Ge(Li) 
detector combination. The correlation coefficients A2 
and A4 were corrected for the finite solid angle effects 
of the detectors. The perturbation factors G2 and G4 
were assumed to be unity since the lifetime of the 
intermediate 555.8-keV state is very short. In Fig. I .5 
we show a comparison between the experimental and 
theoretical values of A 2  and A ,  for the four cascades 
( 5 5 5 .8  - 7 6 7 .8 ,  5 5 5 .8  - 7 '7 '7.8, 55 5.8-785.9, and 
5 5 5.8- 1 2 3 1 .O keV) . 

We have constructed a decay scheme of the * O 4 R h  
isomers, as shown in Fig. 1.6, from our data and have 
made spin assignments based on the directional correla- 
tions, logft values, and gamma-ray branching ratios. 

Qualitatively, '04Pd, like other Pd isotopes, appears 
to be a good vibrational nucleus. In the vibrational 
picture we can associate the 555.81-keV level with the 
one-phonon vibration and the 1323.59-keV (4+), 
1333.58-keV (O'), and 1341.68-keV (2') levels wit11 
the two-phonon triplet. This is one of the closest lying 
tniplets reported so far. From olur directional correla- 
tion measurements we obtain an M1 admixture of <3% 
for the 2*' + 2+ cascade transition. The ratio of the 
reduced transition probabilities of cascade to crossover 
from the 2'' state is found as 

B(B%, 2'' + 2+)/R(E2, 2*' --f 0') = 19.2 k 1.6. 

These values are similar to the values reported for olher 
Pd isotopes and are in good agreement with the 
predictions of the vibrational model. 

The higher-lying states at 1792.83 keV (O+), 1820.4 
keV (2+) ,  and 2082.38 keV (4 ') could be three of the 
expected five members (O', 2+ ,  3', 4+ ,  6') of the 
three-phonon quintet. If the 1820.4-keV (2 ' )  level 
should be a three-phonon state, one would expect an 
enhanced 8 2  transition to the 1341.68-keV 4' level. 
This weak 478-keV transition (expected intensity -0.1) 
is probably masked by high Compton background. The 
2082.38-keV (4') and 1792.83-keV (O+) levels do have 

C R N L -  DWG. 71 - 749 

( 0 )  556-1237 keV ((1 1 
fb)  556-778 keV 

(d) 556 - 767 keV 

0.4 

0.2 

A 4  
0 

-0 .2  

-0.4 

-0.6 

-0.8 

- 

L A 1  ... J ___.. I ..... 1 .... 1 -.... I .... IL- 
-0.6 -0.4 -0.2 o 0.2 0.4 0.6 0.8 4.0 

A 2  

Pig. 1.5. Comparison of measured A 2  and A 4  (shaded 
rectangles) with theoretical values for J(1,2)2(2)0, J = 1-4, 
cascades. The numbers on  the ciirves are 6 = l/( 1 + 16 I ) ,  where 6 

is the mixing ratio parameter. 

large relative reduced transition probabilitieF to the 
1341.68-keV (2")  and 1323.59-keV (4+) levels as 
compared with the B(E2) to the 555.81-keV (2') level. 
These characteristics support the three-phonon char- 
acter for the 2082.38- and 1'792.83-keV levels. How- 
ever, the log ft value of 5.4 for the 1792.83-keV (0') 
level may suggest that this level is a two-quasi-particle 
excitation. 

..... __ 
1 .  Graduate research assistant from Vanderbilt University, 

2. Physics Department, Vanderbilt University, Nashville, 

3. A .  F. Kluk, private communication. 
4. V. A. Ionescu and J. Kern, Helv. Phyr. Acta 42, 575 

5 .  C. M. Lederer, J .  M. IIollander, and I .  Perlman, lirhle of 

Nashvjlle, Tenn. 

Tenn. 

(1 969). 

Isotopes, 6th ed., Wiley, New York, 1967. 
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ORN L- DWG. 70-158658 

4.41 m 5+-------, 

..I + 
4+ 
4 f  

10.2) 

i 

qa20.67 
1793.83 
1792.86 

1341.68 
1333.58 
1323.59 

555.81 

Fig. 1.6. hops& decay scheme of 1 0 4 ~ h .  The clzjsed circle a! the head of a n  arrow indicates h i .  a definite coincidence 
relatiunship was observed between thnt transition and the orit: (.>r more gnnllna rays cascading into Ihc level. 

IbECAY OF As TO THE LEVELS OF Gr 

A C. Rester' 
J. H. tilamrltoiil 

n v. Kanuyya' 
N. R Juhnwn 

The nucleus 72@e IS tnoht inteieaurig in that  sonie of 
i t?  low-ly mg excited state, dppedr to be reasonably well 
inlriprzted it1 ternis of d vibrdiional model, while others 
are not described a t  dl1 by this inleipretntion. (11 an 
effoii to understaid llie behavior in this nucleur rrioi(' 
c le~r ly ,  we have made 3 dctaried irive\tigation of its 
level pioperties up lo 4 MeV as populated by the decay 
of ?h-hr 7 2  As Ihese riieasuternents have iiivolvrd a 

vaiiety of tecbniquec including. ( I gamma-r~y xirigles 
rnedsuie!i~ents with a Idrge-volume. high-resululion 
Ga(LI) detector (2) two-pararnetci gamma-gmirrid co- 
incidence s i  udies with Ge(Li) deteclois, and ( 3 )  internal 
conversion spectrum inedsureineiits wttli an St(L1) 
detector" 

Since there IS only a single gamma ray 'it 46 keV 111 

tlir: 8.4-day decay of 72Se lo 72A>,  a souice of 72Se 
was iiidde i n  order to take advantage of !is niticti longer 

half-life compared with " A s .  The 72Si: source, pro- 
duced on the Oak Ridge Isochronous Cyclotron vi:] Ihe 
reactioii "0(;e(ci1,2n)72 Se ,  was purified by standard 
chemical techniques. 

Ln lhis work, hO gamnia-ray transitioos were observed, 
arid the energies a t id  jriterrsities of these are Iksred in 
Table 1.3. I1ur:iig the course o f  these cxperiments, 
C;irnp2 dso reported ijn the decay of 72As. For the 
most part the data in the table are in agreeinerlt with 

the primary difference being that the error 
limits on o i i r  energy values are considerably less than 
those assigned by Iiiin. The data iri this table and f rom 
our gamma-gamma coincidcxice arid t;lectri)Ii ~iieas~ire- 
rnents are best summarized by the 72Ge level sctierne 
proposed in Fig. 1.7. 

Frcm Coulomb excitation rne:isurernei~ts~ ,4 as well as 
f t o r n  inelastic proton arid tleuterori scattering,5 9' tmth 
th.e 834- and 1464-keV levels appear to have ;I rather 
strong collective character. 'Thi:; i s  consistent with the 
identification of these levels as one- and two-qoad- 
rupole phonon states respectively. The decay character- 
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Table 1.3. Energies and rela?ive intensities of gamma rays 
in 7 2  ~a from tlie decay of 7 2  AS 

Relative 
intensity 

Energy (keV) 

113.1 i 0.2 
142.5 i 0.2 
428.5 f 0.2 

600.93 i 0.05 
629.93 f 0.05 
786.43 i 0.05 
834.00 i 0.03 

879.2 i 0.2 
894.27 i 0.05 

905.3 i 0.2 
911.8 i 0.2 
938.8 ? 0.2 

942 t I 
999.84 i 0.08 

I031 -f 1 
1050.76 i 0.05 

1193.9 2 0.1 
1215.14 +_ 0.05 

1230.8 i 0.1 
1276.8 i 0.2 

1390.44 i 0.05 
1464.0 t 0.07 

1475.91 i 0.07 
1523 i 1 

1568.2 i 0.1 
1581.3 +_ 0.3 
1680.7 i 0.1 

1710.90 + 0.07 
1921 ? 1 

1991.14 + 0.08 

0.036 t 0.004 
0.010 i 0.004 
0.083 t 0.008 

0.40 i 0.02 
10.2 i 0.3 
0.54 i 0.02 

100 
0.032 i 0.005 

0.99 t 0.03 
0.049 ? 0.005 
0.070 f 0.009 

0.10 i 0.01 
0.020 i 0.004 
0.037 i 0.005 
0.035 i 0.007 

1.23 i 0.04 
0.12 i 0.01 
0.29 i 0.02 

0.099 i 0.007 
0.046 I 0.005 

0.30 i 0.01 
1.43 i 0.05 
0.63 i 0.02 

0.014 i 0.003 
0.18 i 0.01 

0.051 i 0.006 
0.15 I 0.01 
0.34 i 0.02 
0.06 i 0.02 
0.48 i 0.02 

Energy (keV) 

2105.9 i 0.3 
2109.8 i 0.3 
21 16.7 -f 0.4 

2201.74 i 0.09 
2214.1 i 0.02 
2248.5 i 0.1 
2339.8 f 0.2 
2402.9 i 0.1 
2491.0 i 0.2 
2507.9 i 0.1 
2515.4 i 0.2 
2521.8 i 0.2 
2585.0 k 0.3 
2621.5 ? 0.1 
2844.2 t 0.4 

2860 t 1 
2 8 6 4 ~  1 

2898.6 2 0.4 
2940.1 i 0.1 
2982.1 i 0.2 
3094.3 i 0.2 
3112.4 i 0.3 
3150.0 2 0.3 

3161 i 1 
3337.7 2 0.4 

3398 f 1 
3550.4 i 0.8 
3803.6 I 0.3 
3872.0 2 0.5 
3995.0 i 0.3 

...-.......I__ ...... 

Relative 
intensity 

0.93 i 0.09 
0.28 i 0.03 

0.041 i 0.006 
0.65 ? 0.02 

0.043 i 0.006 
0.42 i 0.02 

0.043 i 0.005 
0.14 t 0.01 

0.041 i 0.006 
0.42 i 0.02 

0.029 i 0.005 
0.059 i 0.005 

0.12 i 0.01 
0.49 i- 0.02 

0.087 i 0.006 
0.04 i 0.01 
0.02 i 0.01 

0.035 i 0.005 
0.42 t 0.02 
0.24 i 0.03 
0.18 i 0.01 
0.10 I 0 . 0 1  
0.10 ? 0.01 

0.010 * 0.003 
0.028 i 0.004 
0.008 t 0.004 
0.031 ? 0.005 

0.1 1 I 0.02 
0.006 i 0.002 

0.08 i 0.02 

-. . . . . . 

istics of the 1728-keV level suggest that it may be 
another member (4') of the two-phonon triplet, while 
the properties of the 2064-keV (3+) and 2464-keV (3+ ,  
4') levels are suggestive of three-phonon states. 

The one feature of the 7 2  Ge low-lying states that is in 
complete conflict with the vibrational picture is the 
appearancc of a 0" level as the first excited state. It is 
very likely that this 0'' state call be explajned within 
the shell-model framework as has7 a similar 0" state in 
90Zr. The latter nucleus has N = 50 (closed neutron 
shell) and Z = 40 (closed proton subshell). Ford7 has 
described the 0" state in "Zr in tcrms of the 
excitation from the ground-state configuration of a pair 
of protons to g9/2 orbits. The large pairing energy 
associated with the excitation of a gYl2 proton pair is 
sufficient to drop the 0" level below the 5 -  level of the 
(p1/2g9/2) configuration. Since 90Zr has a closed 
neutron shell, neutron-pair excitation was ignored. I n  
72Ge,  N = 4-0 (closed neutron subshell) and Z = 32, so 
that the 0'' state in this nucleus may be described in 

terms of the excitation of a pair of neutrons togy,, 
orbits or a pair of protons tof5,2 orbits. However, such 
a simple explanation seems unlikely since N = 40 is not 
a major closed shell and %= 32 is four protons above a 
closed shell. If excitation of pairs of particles is the 
origin of this 0" state, it  would seem more probable 
that in the case of neutron excitations in 72Ge, proton 
excitations are not ignorable and vice versa. This point 
was made by Hubenthal, Monnand, and Moussa' with 
regard to the recently discovered first excited 0" state 
in 9 8 ~ ~ .  

Although the appearance of this low-lying excited O+ 
state in 72Ge can be reasonably well accounted for in 
terms of the promotion of a pair of particles, this 
simple picture does not explain the presence of a sizable 
monopole matrix element for the 0+' + 0' transition. 
Eichler, Stelson, and Uickens' recently made an accu- 
rate determination of p = 0.10, where p is the reduced 
nuclear monopole matrix elemeiit. As has been pointed 
out by Church and Weneser,' monopole transitions 
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Fig. 1.7. Levels in 72Ck populated by the decay of '72tis. 'l'lie dashed levels are tentative assignments. The 69 1.2-keV transition, 
which proceeds totally by internal conversion, is dashed. 
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between pure states of this type are forbidden because 
the monopole operator is diagonal in the angular 
variables. However, EO emission can be accounted for 
on the basis of configuration mixing if the mixing 
involves different radial dependences. Calculations by 
Schiff" for "C liave shown that value? of p up to  
about 0.1 can be explained in terms of a configuration 
mixing picture, which fact lends soinc support for this 
interpretation in the 72Ge case. 

1 .  Vanderbilt University, Nashville, Tcnn. 
2. 0. C. Camp, Nucl. Phys. A 121,561 (1968). 
3. A. 11. Wapstra, C. J. Nijgh. and R. van Lieshout, Nircleor 

Spectroscopy Tubles, p. 58, North-llolland, Amsterdam, 1959. 
4. B.  L. Robinson and R. W. Fink, Rev. Mod. Phys. 32, 11 7 

(1960). 
5. P. H. Stelson and I,. Crodzins, h7ucl. Data, Sect. A I ,  21 

(1965). 
6. Yu. P. Gangrskii and 1. Kh. Lemberg, Sov. Phys. J E W  15, 

711 (1962). 
7. K. W. Ford, Phys. Rev. 98, 1516 (1955). 
8. K. Hubenthal, E. Monnand, and A. Moussa. Nuucl. Phys. A 

9. E. Eichler, P. H.  Stelson, and J. I(. Uickens, Nucl. Phys. A 

10. E. L. Church and J .  Wcnewr, Phys. Rev.  103, 1035 

128, 577 (1969). 

120, 622 (1965). 

(1956). 
1 1 .  I > .  I .  Schiff,Phys. Rev. 98, 1281 (1955). 

LEVEL STRIJCTURE OF Pd POPULAlEL) 
IN 1'HE DECAY OF 2.42-miii 

N. C.  Singhal' E. Eichler 
N. R.  Johnson 

' Ag 

J. 11. IIamilton' 

We are presently investigating the properties of the 
low-lying excited states of Io8Pd as populated in the ' Ag decay by use of a high-resolution, large-volume 

Ce(Li) detector. A total of 1 1  gamma rays have been 
assigned to the l o S A g  decay. I'he energies and intensi- 
ties of these gamma rays as obtained from a preliminary 
analysis of the data arc listed in Table 1.4. These values 
are in excellent agreement with those of Okano et d.;3 
however, our values are determined to much better 
accuracy. From the results of the NaI-Ce(Li) coinci- 
dence measurements. we are able to establish energy 
levels in losPd at 930.9, 1052.8, 1314.2, 1441.1, and 
1539.9 keV, again in agreement with ref. 3. 

Gamma-gamma directional correlation nieasurements 
have been performed on three different cascades 
(61 8.9-433.9 keV, 880.3-433.9 keV, and 1007.2-433.9 
keV) with an Nal-Ge(1,i) detector combination. ' lhe 
results of the directional correlation measurements are 
listed in Table 1.5. The spins of the levels at 1052.8, 

Table 1.4. Energies and relative intensities 
of gamma rays emitted in the decay 

of 2.42-min lo8Ag 

Gamma-ray energy (keV) Relative intensity 

433.95 2 0.04 
497.6 2 0.2 

(509.7 +_ 0.5)' 
511.01 
618.85 t 0.05 
632.98 i 0.05 
880.26 i 0.10 

931.2 t 0.3 
1007.22 i 0.06 
1106.00 t 0.07 
1441.14 t 0.09 

1539.9 ? 0.2 

100 
0.33 2 0.11 

Annihilation 
56.2 t 2.6 
355 f 18 
0.62 t 0.10 
0.13 * 0.02 
2.83 ? 0.15 
0.31 + 0.06 
0.62 t 0.05 
0.22 ? 0.02 

al'here is some evidence for a gamma ray of this 
energy. 

Table 1.5. Directional correlation coefficients and assigned 
spin sequences 

Directional correlation spin sequence 

Cascade (keV) coefficients and 
A 4  mixins ratio A 2  

618.9-433.9 0.34 * 0.02 1.28 t 0.04 0-2-0 

880.3-433.9 0.19 * 0.19 1.00 t 0.35 0-2-0 

1007.2-433.9 0.04 t 0.07 0.32 2 0.14 
6 2 (17.01) 

1314.2, and 1441.1 keV can be uniquely determined as 
J = 0, 0, and 2 ,  respectively, froin the directional 
correlation coefficients. Contrary to the measurements 
of Okano el we find that the 1007.2-keV 
transition is predominantly E!. (298%), which is con- 
sistent with the interpretation of this level as a 
three-phonon vibrational state. 

1. Graduate research assistant from Vanderbilt University, 
Nashville, Tenn. 

2. Physics Department, Vanderbilt Universiiy , Nashville, 
Tenn. 

3. K .  Okano et  al., N u d .  Phys. A 164, 545 (1971). 

COULOMK EXCITATiON AND IN-BEAM 
REAC'I'ION GAMMA SPEC FROSCOPY 

E. b i d d e r  K. L. Hahn 
N. R. Johnson C. E. Bemis, Jr. 

The heavy-ion in-beam spectroscopy program at 
OKIC has gained in both momentiim and breadth Out 
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of tlie Coulomb excitation studies have come extieinely 
Interesting results beaiinp on the validity of nuclear 
collective niviton. A mole detailcd account of this work 
is given elsewhere.‘ In collaboraiion with the Physich 
and Electroriiiclear Dlnsions we have a l s o  begun ;I 

program of nuclear reaction gamma-ray spectioycopy.’ 
‘These iwtb kinds of research exploit the erioiiiious 
potential of heavy-ion beams III drvetse but niuirially 
complementaiy ways. The pi ospect of even heavier 
prqcctiles at ORIC heralds rxciiiag new avenues o f  
rewdrc ti. 

1. E ISichler, i3. K. Johnson, C, E. Beinis, JI., K. 0. Sayer, 1). 
C .  Hmslzy, md M .  R. Sclirnorak, “Multiple Coulomb Excita- 
tion of lfravy I3einen is with ORIG Heavy-lon Bcarns.” chap. 2, 
this report. 

2. J .  6. iM1, E. Eichler, J .  L. C. Ford, Jr., li. L. Iiahn,N. R. 
Johnson, R. L. Kohinson, t’. f J .  Stelson, and K. S .  Totti, 
“In-Ream Gamrna-Kay Spectrmcopy of the Tin Isotopes,” the 
following contributioti, this report. 

gating nuclei off the stability line.4 ,5 The high-energy 
heavy-ion beams now wailable from ORlC allow this 
technique to be applied to nuclei and inass regions 
which were formerly inaccessible. As an initial project 
we have used the ( I h  O p )  reactions on all the stable 
rnolybderiuin isotopes to exciie levels in tin auclei. 
Oxygen beanis o f  energies 7 I .S,  813, a n 3  90 MeV were 
used. Figure 1.8 depicts a 200-kcV portion of the entire 

, indicating the great complexity of  
gainina radiation obrerved. 

In general, as we progress to isotopes w-it11 smrlfer 
neutron exccss, ihe ctoss sections for tlie (H.I.,xn) 
reactions decrease, probably clue i o  increased conlpe- 
tition with charged-particle emission. ‘l3ijs factor may 
make i t  impossible to study riuciei 31 the limit of 
particle skhility ( i s . ,  at <he “pwtoii drip line”) as lias 
been stressed by Dia111ond.~ We plan i o  investigate 
charged-particle emission in future experiments, 11 may 
be possible to obtain r,o;idily identifiable aiid less 
ci,lxlplex spectra by observing gamma mys in coinci- 
dence with alpha particles emitted in such a reaction as IN-BEAM GAMMA-RAY SPECTROSCOPY 

OF ‘THE TIN ISOTOPES’ ’ Mo(’” Ne.a2n)’ Sn. 

.r. rj. R ~ I P  

J. 1.). C. Ford, ~ r . ~  
I<. I... H a h  

N. K. Johnson 

P. 1-1. Stelson3 
K. s. Toth2 

E. Eichler K. L. n o b i n ~ o n ~  ~ ......... -. ....................... 

1. Set: also, Ph,Vs. D ~ v .  .4n?il!. r?Ogr. X r p .  Dee. 31, I g Y f ) ,  
ORNL4659, p. 3 7 ,  and Ekcrmnucl. Div. .Anriu. Proxr. Rep ,  
Dee. 3/, 1970: CIRNL4hl.9, p. 6.3. 

‘Tne cherva t iun  o f  gamma rays following CH.J.p?) 
reactions has proved to be a powcrful tool f o r  irivesti- 

2. l;lectr~,nuclear Division. 
3 .  Physics Divisiun. 

Fig. 1.8. Gamma spectra from 1 100 lo I300 keV resulting from 71.5-,RO-, and YO-MeV l 6 O  ion bombardment ol 311 the stable 
 sor ropes of molybdenum. On the r ~ g h t  are plven thr target? and oxygen energles Below the rpechd the pe.rkr IIIdrhed by arrows dre 
rdentiticd with energies (in Ley) A n d  nuclel 111 which they occur 
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4. F. S. Stephens, Procccdin.yc of the lnterna&iorial Con- 

ference on Properties of  Nuclear States, Montreal. Canada, p. 
127, Les Presses de L'Universite'de hlontreal, 1969. 

5. R. M. Diamond, Conferrrzce oti the Properiies of  Nuclei 
Fur frotti the Region of Beta Stability, Lcysin, Switzerland, 
1970; UCRL-19961 (1970); and to be published. 

?'HE DECAY OF Pr AN 
STRUCTURE OF ti @e' 

B. 11. Ketelle A. R. Brosi J .  R. Van HiseZ 

The instrumentation for rapid accumulation of 
gamma-gamma coincidence data described last year3 
has been used to study the decay schemes of several of 

the new rare-earth isotopes discovered in earlier work 
on this program. On the basis of observed coincidences, 
detailed energy level structures populated in the decay 
of 136Nd,  I3'Nd, I 3 ' P r ,  and 136Pr have been eluci- 
dated. Only in the case of the decay of 136Pr do we 
have sufficient information from other kinds of experi- 
ments to  make reasonably firm spin and parity assign- 
ments to  the energy levels populated. The energy level 
diagram deduced for ' 

The low-lying levels of 1 3 6 C e  populated by 136Pr 
decay can be separated inlo two different sequences on 
the basis of beta decay transition probabilities to  the 
various levels and garnrria transition probabilities be- 
tween them. A O', 2+, 4' sequence suggests the 

Ce is shown in Fig. 1.9. 

ORNL- OWG. 71-2586 

0.6 6.0 

0.1 6.8 
0.7 6.1 
0.7 6.t 
1.0 6.4 
0.2 7.0 
0.9 6.1 
0.6 6.5 
i.0 6 .3  
1.5 6.2 
b:Q k2 
1.0 6 . 3  
2.j 6.2 
2.8 6.2 

4.1 6.1 
5.4 6.1 

12.7 5.9 

0.3 7.6 

54.3 5 . 6  

4.6 6.9 

53.2 17.3 
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ORNL-DWG. 71-2573 

QUASI-GROUND QUASI-GAMMA QUASI -GROUND QUASI-GAMMA QUASI - GROUND QUASI - GAMMA 
BAND BAND B A N D  BAND BAND BAN 0 

o+ 
i 34 
56 78 

Fig. 1-10. Enerw-level structures of nuclei with 78 neutrons. Reduced transition probabihtles are given in pdrentheses for 
transitions f r ~ ) n i  the 2 e and 3+ levels of the quasi%amlna band. 

giouricl-stde rotational baric1 in deformed nuclei, while 
a 2'. 3' sequence appeais similai to what is called the 
gamma hand in deformed nuclei. 

The "in-beam" work o f  Ward4 e t  a1 bhowed that the 
low-mass-number cerium nuclei have quasi-iotational 
levels with energies which iaciease with mcreasmg 
neutron number. Even though 1 3 6 C e  md 13'Ce are 
close to  the 82-neution shitll closure, the energies of 
then 7_+ arrd 4' levels fall on smooth energy vs neutron 
number curves with the luwer-neutron-nurnbel cerium 
isotopes. 

The other 78-neution even-cven isotopes which have 
been studied, '"Xe arid 1 3 4 B a ,  also have levels5-' 
which can be separated into sequences analogous to 
those observed in "'Ce. A comparison of the quasi- 
groutid and quasi-garntna bands o f  ' 3 2  Xe, ' Ra, and 
'36Ce i\ shown in  Fig. 1 I O .  The energes of the 
coiiesponding levels in there three nuclides decrease 
with increasing pro ton riuinbei This sugests increasing 
riucleai defoirnation as the number ot pro tuns beyond 
the SO-proton shell iiicreases. Ths change in nuclear 
deformalioii is also suggested by the changes wlth 
,itomic number of the reduced trmsition probabililies 
f i e  suggestion of nucIear deforrnatlon a1 a neutron 
number of 78 IS consistent with the predictioti of 

nucleai deformation near this region by Marshalek, 
Person, and Sheline.' 

~~ - 

1. Substantially the mitie work was reported in Electroizucl. 

2. Present address: Tri-State College, Angola, Iricl. 
3. H .  JJ. Ketelb 2nd A. K. Brosi, Chern. Diu .  Annu. Progr. 

4. D. Ward, K. hl. Diamond, md F. S. Stevens, Nucl. Pkys. A 

5. Zh. Zhelev et al., Bull. Acad. Sci. USSR, Phys. Ser. 32(10), 

6.  Most recently studied by D.\C. Cdnlp, K, A. bfeyer, and J. 
R. Van Nise, "Decay of "'(:e to ~ e v e ~ s  of "'~a," to IX 
submitted for publication. 

7. 5 .  11. Hamilton, €I. K. Carter, arid J. J. Pinajiari, Phys. Rev. 
C I ,  666 (1970). 

8. E. Marshalek, L. W. Pcrson, and R. K. Sheline, Rev. iMod 
Phys. 35, 108 (1963). 

Div. ,-lnnu. h o p .  Rep. &c. S I ,  1970, ORNL-4649, p. 28. 

Rep. MU,V 20, 1970, OKNL-4581, p. 6 .  

117,309 (1968). 

1497 (1968). 

NEW ALPHA EMITTERS WITH N = 86 AND N = 87: 
l S  6Tm ANI) ISOMERS OF 5 4  Ho AND 5 3 N ~ '  

K.  S. Toth' R. L. Rakn M. A. Ljazj 

The work reported here is part of a program that 
deals with the production and characterization of new 
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rareearth alpha emitter's with neutroii numbers equal to 
86 and 87.  Earlier r e p o ~ t s ~ ? ~  discussed the properties of 

Yb nuclides produced 
by bombarding enriched targets of ' ' 6Dy and 62Er  
with protons, alpha particles, and 3:Ie ions. 'The present 
work is concerned with new radioactive species which 
were produced by bombarding various rare-earth targets 
with the 103-MeV quadruply charged I 4 N  ions avail- 
able at the ORIC. 

Two basic techniques were used in this work to 
determine rims assignments. The first involved the 
measurement of yield curves for the production of new 
activities, which were then compared with yield curves 
for the production of known isotopes and with yield 
curves calculated from the statistical model of nuclear 
reactions (as developed in a computer code by 
Sikkeland; e.g., see ref. 6). '[he second technique 
involved the establishment of a parent-daughter rela- 
tionship between a known and a new alpha radio- 
activity. 

The experiments were performed with a gas-jet 
s y ~ t e r n . ~  Targets consisted of thin layers of enriched 
rare-eaith oxides, -0.3 mg/cm2, electrodeposited onto 
nickel supporting foils. h i - ing  irradiation, targets were 
positioned so that the I 4 N  beam first passed through 
the backing foil and then the oxide deposit; the 
maximum available I 4 N  energy was 88.4 MeV. Radio- 
active recoil nuclei ejected from these thin targets were 
stopped in helium gas in a "high-pressure" chamber 
(-0.2 to 2 atm) and then carried by the gas through 
a very small orifice into a "low-pressure" chamber (-0.2 
to 0.5 torr), where they were deposited on  a catcher 
foil. A rapidly driven wheel conveyed the collected 
radioactivity to a position in front of an alpha-particle 
detect.or in -0.2 sec. 

Alpha-particle spectra were measured with an Si(Au) 
detector. A precision pidser, together with a 244Cm 
source, was used to  set the energy scale of these 
spectrometers, but internal calibration standards, with 
energy values taken from the measiirements of 
Golovkov et a!.,' were used to determine precisely the 
energies of the varioiis alpha groups observed. 

1 5 3 , 1 5 4 ~ ~  1 5 5 ~ ~  and 1 5 6 , 1 5 7  

Isomers of Ho and Mo 

3Ho 
and 54110 which were produced by bombarding 
156D, with  proton^.^ Holmium-153 had an alpha- 
decay energy of 3.97 f 0.02 MeV and a half4fe of 9.3 
* 0.5 min, while I Ho decayed with a half-life of 11.8 
* 1.0 min and emitted alpha particles of 3.91 t 0.02 
MeV. Since then Golovkov et al.' measured the 
alpha-decay energies more accurately with the use of a 

Previously, we had discussed the properties of 

magnetic spectrograph. Their energy values (and half- 
livcs) are as follows: l 5  3Ho, 4.010 It. 0.005 MeV (7-Y 
min) and 

The neighboring nuclides, ' '110 and I * Ho, are 
each known to have both high- and low-spin isomers 
that decay by alpha emissjon. Because v7e had produced 
the above-mentioned ' 1-10 and Ho alpha emitters 
in proton irradiations, we felt, by analogy with the 
known pairs of isomers in Elo and 110, that these 
species represented decay from the low-spin isomers. 
We thus undertook a search for the postulated high-spin 
isomers by bombarding neodymium targets with N 
ions. 

First, a series of irradiations of 144Nd  with I 4 N  ions 
was made at different bombarding energies. With the 
available I 4 N  energy, the 9.3-inin '3Ho (4.010 MeV) 
and 11.8-min '54110 (3.933 MeV) radioactive species 
were produced, respectively, in (I4N,5n)  and (I4N,4n) 
reactions on 1 4 4 N d .  In addition to other knowii alpha 
groups, two new alpha peaks were observed at 3.9 1 and 
3.72 MeV, with half-lives of2 .0  5 0.1 and 3.0 3 0.3 min 
respectively. 

'Yo help interpret these data, 3 similar investigation 
was made with a 1 4 2  Nd target. Here the ( I  4N,5r2) and 
( I  4N$n) reactions lead to the well-established nuclides 

* 1-10. Alpha groups corresponding to both 
isomers in the two nuclei together with the 3.91- and 
4.010-MeV alpha peaks were observed. The 3.933-MeV 
(I 54Ho) and 3.72-MeV alpha groups, however, were 
not observed. This result was not unexpected because 
statistical model calculations6 indicatcd that the yield 
of the 142Nd(14N,2n)'54Ho reaction was severely 
reduced by the Coulomb barrier; that is, its niaximum 
value at -59 MeV was about 100 times less than that 
for the corresponding ( I  4N,3n) reaction. 

Figure 1.11 shows yields as a function of incident 
energy observed in the N bombardments of 4 2  Nd 
and 44Nd.  Consider first Fig. 1.1 la ,  where the yield 
data, measured with 142Nd as the target nucleus, are 
shown for the low- and high-spin isomers of I Ho and 

* Ho. Clearly, the yields for the low-spin isomers peak 
at lower bombarding energies than do  those for the 
corresponding high-spin isomers. This point was noted 
by Macfarlane and Griffioen' in their investigations of 
rareearth alpha emitters with heavy ions. They 
attributed the shift in the excitation function to  the 
competition of gsmma-ray emission with nucleon 
evaporation in the decay of high angular rnomentum 
states of the compound nucleus. 

Figure I . l l b  shows the yields obtained with the 
144Nd target for 153Ho  (4.010 MeV), 1s4'iIo (3.933 
MeV), and the 3.72- and 3.91-MeV alpha groups. The 

Ho, 3.933 +_ 0.005 MeV (10-1 2 min). 

Ho and 
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5.72 - M e V  a PEDK 

"'Ha. 3 .933- -MrV  ( I  FEAK 
...... J ........ 1 ........ L ....... 
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Fig. 1.11. Yields as a function of incident energy measured 
for vanous holminm alpha groups. (a)  Yields fur the production 
of the hi.&- and low-spm Isomers of 2Ho m I4N 
bombardments of I4%Nd. ( h )  Yields fur the 3.91-, 4.010-, 
3.12-, and 3.933-MeV alpha groups observed In 14N bombard- 
ments oi 144Nd. (c )  Yield for the production of the 3.91-MeV 
aipha peak UI 14N bomh~rdnientb of i42Nd. Curves drawn only 
for ease of presentation. 

' Ho and 

similarity in behavior of the yield curves for ' Ho and 
'54 t io  with those shown in a for the low-spin isomers 
of ' fio and 1-10 is quite apparent. It is also seen 
that the yield data for the 3.72-MeV alpha group in h 
peak at essentially the same bombarding energy as the 
data points for the highspin isomer of I ' 140 (Fig. 
1 .I l a ) .  This evidence, together with the fact that the 
3.72-MeV group was not seen in the '"'Nd bombard- 
ments [as i s  expected for the product of ii ( 1 4 ~ , 2 n j  
reaction] , strongly suggests that it represents alpha 
decay frotii a high-spin state in 1541-io. The yield curve 
For the 3.91-MeV alpha group in Fig. 1.1 l h  has not 
reached a maximum in the botnbarding energy range 
investigated, but its shape is consistent with that 
observed for the I Ho high-spin isomer in Fig. 1.1 la. 

Yield data for the 3.9 I MeV alpha group obtained in 
the '"'Nd bombardments are shown in Fig. 1 . 1 1 ~ .  It is 
seen that the peak of the yield curve is at -70 MeV. 
This observation i s  also consistent with the alpha group 

being due to the decay of the high-spin isomer of  
'53€-10 [the 142Nd(i4N,3n)  product] in view of the 
fact that the high-spin (' N,4n) products reach their 
maximum yields at -82 MeV. 

JII Fig. I .12 the experimental yield data are compared 
with excitation functions calculated from the statistical 
model6 for (L4N,4n) and  (I4N,5n) reactions induced 
on tal-gets of 142Nd and 1 4 4 N d .  The calculations, 
indicated by dashed curves, are ~~orm;ilized to the data 
points, which now represent the sum of the yields for 
both isomers in each holmium isotope. (The 3.551- arid 
3.72-MeV alpha groups are assumed LO be due to  the 
decay of highspin isomers in 53Ho and 15"Ho 
respectively.) The calculated excitation functions repro- 
duce the energy dependence of the experimental yield 
data reasonably well. 

The yield data shown in Figs. 1.11 axid 1.12 cannot 
by thenselves rule out the possibility that the two new 
alplu emitters are either dysprosium or terbium iso- 
topes produced in " N , p x n )  arid N , u w )  reactions. 
These possibilities were eliminated in a series of cross 
bombardments, involving the bombardment of 4"Ce 

LOW-SPIN SOMERS -~ 

I LOW-SPIN ISOMERS 
i ! ! J ........... .......... ........ ........... 

50 60 70 BO 90 

OHNl -DING 70-11769 

3.77- A N D  5.95 

50 60 10 80 90 

''N I NERGY (MeV) 

Fig. 1.12. Experimental yield data compared with excitation 
functions (dashed curves) calcutated from the statistical model 
for (14N,4n) and (I4N,5n) reactions induced on targets of 
142Nd (a) and 144Nd (b). rlie calculdted curves are normalrzed 
to the data pomts which reprt-sent the sum ot the yields for 
both isomers in each holmmm isotope. 
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and Pr with ' 4 N  ions and 44Nd with 'C ions. 
Holmium nuclei cannot be produced with t.hese three 
target and projectile combinations, and indeed, the 
3.72- and 3.91 -MeV alpha groups were not observed. 

From shell-model considerations, the h ,  / 2  and dSi2 
proton orbitals are likely to  account for the isomers in 

3110 (Z = 67, N = 86). One may therefore speculate 
that the new 3.91-MeV alpha group represents decay 
from the h ,  state of ' 3Ho to the high-spin isomer 
in I4'Tb (see ref. 11) and that the 4.010-MeV alpha 
emitter decays from the 3110 d 5 , 2  state to a low-spin 
state in I a 9 T b .  It is: however, not possible to state 
which of the two isomers represents the ground state in 

Based on alpha-decay energy systematics and on the 
known level structure of ' 4 6 E u ,  we previously pro- 
posed' that the spin of the ' 50'I'b ground state is low. 
Then, since the spin of 1 1  .&fin I s4Ho  has been 
measured'* to  be 1 ,  its alpha decay very likely 
proceeds to the ground state of "'Tb. The 3-min 

Ho isomer presumably decays to  a high-spin state in 
' 'Tb. As in the case of ' Ho it is not possible to say 
which of the two alpha-emitting states in ' Ho is the 
ground state. 

1-10. 

Thulium-1 5 6 

The 84- and 85-neutron thulium nuclides, ' 'Tim and 
' 54Tm,  were first found by Macfarlane,'3 who re- 
ported that these isotopes decayed essentially only by 
alpha emission. Because the 86- and 87-neutron 
nuclides, for a given element, characteristically have 
alpha/total branching ratios that are reduced by a factor 
of 100 t o  1000 rclative to 84- and 85-neutron nuclei. it 
is not surprising that 155Ti-n  and '561-m have as yet 
remained unreported. We undertook a search for these 
isotopes via the reactions 144Sm('4N,3n)15s Tm and 
'47Sm('4N,5n)'56'I'm. The 1 4 N  energy, 88.4 MeV, is 
too low to induce the ' 4 7 S m ( ' 4 N , S ~ ~ ) 1 5 s T m  reaction 
with any reasonable probability, and the 
1 4 4  Sm(' 4N,2n) reaction to  produce I 6Tm was not 
expected to be observed. 

Bombardments for varying lengths of time at dif- 
ferent energies were made with both samarium targets. 
It was found that iil addition to  (14N,xn) reactions, 
(' N,pxn) and (' N,crxn) reactions also have large cross 
sections. The independent production of the ' 1-10 
and ' 5 2  Ho isomers in these (14N,crxn) reactions has 
served to  complicate the jdentification of ' Tm, 
which appears to have a half-life and an alpha-decay 
energy quite similar t o  those of the high-spin isomer in 
its alpha-decay daughter, ' Ho. The search for and 
identification of " Tm is therefore still in progress. 

The assisnment of a new radioactivity, with half-life 
of 77 ? 10 sec, turned out to  be more straightforward 
even though its alpha-decay energy, 4.23 f 0.01 MeV, is 
essentially the same as that of 7-min ' 50Dy. The yield 
curve for this new alpha group was measured, and its 
shape was found to be consistent with that expected for 
a ' 7Sm(' 4N,5n) low-spin product. Its mass assign- 
ment, however, is based on firmer evidence; a parent- 
daughter relationship was established between it and 
the low-spin isomer in 52Ho.  Figure 1.13 shows the 
decay data obtained for the 4.38-MeV alpha group 
known to  be associated with the ' 5 z H o  low-spin 
isomer. Least-squares analysis indicated a genetic re- 
lationship between two radioactive components, one 
with a half-life of 2.38 min and the other with a 77-sec 
half-life. Because the '2.38-rnin half-life is that of the 
low-spin isomer of ' 2Ho, the parent-daughter relation- 
ship establishes the existence of a new thulium nuclide, ' Tm. The fact that it apparently populates a low-spin 

isomer would indicate that the new alpha group 
represents decay from a state with a low spin. 

The results obtained in this work are listed in 'Table 
1.6. 

Table 1.6. New alpha emitters 
~~ 

Alphn-decay energy 
(MeV) 

Nuclide Half-life 
.~ .................. ~ ... 

Is6Trn (low-spin isomer) 7 1  ? 10 rec 4.23 ii 0.01 

3.72 t 0.01 Is4Ho (Iiigkspm isomer) 

I 53Ho (higli-spin isomer) 3.91 t 0.01 

3.0 t 0.3 i i i i l i  

2.0 t 0.1 ii i i i i  
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Pig. 1.13. Decay &ta obtained f < ~ t  the 4.38-MeV alphagcoup 
observed in 14N bombardments of 147Srn. The growth of 
'"Ho establishm the assignment of the 77-sec activity to 
alpha-decaying s6Tni. 
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THE DECAY OF " Eu TO 
LEVELS IN ' ' Cd 

A. F. Kluk' N. W. Johnson J. H. Hamilton' 

Studies of th.e beta decay of "'Eu have been 
completed this past year with both singles and multi- 
parameter coincidence experiments being performed by 
use of large-volume, high-resolution Ge(Li) detectors. 
Many sources of 46-min ' EU were prepared from the 
(d,ol) reaction on 16'Gd. Targets of G d z 0 3  (95.95% 
enriched in 16'Cd) were bombarded with 13.5-MeV 
deuterons at ORIC, and extensive chemical purification 
of Eu W;IS then performed. 

While primary emphasis has been devoted to the 
analysis of the properties of the collective levels of 
' 5 8  Gd, a detailed analysis of all the levels has been 
done, and a decay scheme has been proposed (Fig. 
1.1 4). Accurate energies and intensities have been 
determined for 129 transitions, of which 79 have been 
placed in a ' Gd level scheme consisting of 27 levels. 

We have observed the 2' and 3' inembers of the 
y-vibrational hand and are particularly interested jn the 
electric quadrupole transition probabilities from these 
levels to the 0 tl 2 + ,  and 4' members of the ground- 
state rotational band. A search was made for the 0' and 
2' members of the p band, which previously had been 
reported in (ad')  reaction work3 and in ( n , ~ )  
studies,4>' but no evidence for them was found. 

Our interest in these levels stems from our earlier 
studies,6 in which we were unable to account theo- 
retically for the B(E2) ratios from the 0 band in ' ' Sm 
and ' 54Gd, which are just at the onset of permanent 
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nuclear deformation. The theory, which was thought to  
describe the B(E2) ratios from the y band, consists of a 
perturbational treatment of the simple adiabatic model 
of an axially symmetric deformcd nucleus. This treat- 
ment is necessary to  account for the niixing of the wave 
functions of the vibrational and rotational bands. There 
result corrections to  the gamma-ray branching ratios 
from this band mixing whose spin-independent part is 
given as a function of a term called a mixing parameter 
Z. According to the theory, thjs parameter should have 
a consistent valuc for all branching ratios from a given 
band. If mixing between the 0- and y-vibrational bands 
is considered, a second spin-independent mixing param- 
eter Z 8 ,  is obtained. 

The values which we obtain for Z,, the mixing 
parameter for the y-vibrational band, for "'Gd are 
listed in column 5 of Table 1 .'7 and are compa.red with 
the values obtained from the "'Tb decay studies of 
Paperiello et aL7 in column 6. Using our value of L, 
from the 3 +  level, where no mixing of the 13- and 
y-vibrational bands is expected to occur, we can 
determine the effects of including 0-7 mixing. The 
resulting v~lues  of Zp, are listed in column 7. It will be 
noted that our values of Z,  are close to  zero and less 
than the value5 for Sm, ' Gd, and Gd, which 
are about 0.08 (ref. 6), 0.10 (ref. 6), and 0.03 (ref. 8) 
respectively. While all the values for Z ,  do not overlap, 
the inclusion of 0-7 mixing does not improve the 
consistency of the Z ,  values appreciably. Thus, al- 
though considerably less rilixing occurs between the 
y-vibration and the ground-state band for ' ' Gd, which 
is considered to be more strongly deformed than the 
above three nuclei, a consistent value for Z,  is not 
obtained. This probably implies that we must search for 
other admixtures in the wave function of the ' Cd y 
vibration. 
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Table 1 -7. Ratios of reduced tiansition probabilities for transitions from the y-vibrational 
band of ' "Gd to the ground-state rotational band 

x 10'-~ x x 
2 + --> 0 + 1187.12 

2' +2' 1107.63 

2' "4' 925.6 

2 ' 4 2 '  1107.63 

2' -4 I)+ 1187.12 

2 +  "4+ 925.6 

3 + - - , 2 +  1004.2 

3' "4+ 1185.97 

0.608 (33) 0.70 24 ( 9 )  41 (15) - -  23 ( 9 )  

0.057 (12) 0.05 3 (17) 9 (16) 8 (9) 

10.6 ( 2 5 )  13.9 14 (13) 17 (12) 22 (16) 

0.368 (38) 0.40 -7 (7 )  l_l 

'Calculated from data of Paperiello et al.' 

RANDMIXING ANOMALIES IN Hf 

J .  H. Hamilton' 
A. V. Ramayya' 

P. E. Little' 
N. I<. Johnson 

In a previous report' we give an account of  some of 
the prelirninary measurements c)n the amount of mag- 
netic dipole (MI) radiation in the transition from the 
2* ineinber of the 0-vibrational band to  the 2' member 
of  the ground-state band of ' 7 y  €if. A knowledge of the 
M1 radiation is very important to an understanding of 
the anomalous behavior reported for the ratios of 
reduced electric quadrupole transition probabilities 
from such states (eg. ,  see refs. 3 and 4). 

These angular correlation Ineasuremerits have now 
been repeated to yield highly accurate values of the 
amount of iM1 radiation present both in the 1183.4-keV 
transition from the 2' member of the 0 band of this 
nucleus and i o  Ihe corresponding transition from the 2 + 

1496-keV level of another K = 0 band. 
Our angular correlation results' yield the value 

(85.6 :;:;)% for the Ml admixture in the 1183.4-keV 
transition (2; -* 2 y ' ~  This value is in agreement with 
that previously obtained only with Na l  delectors by 
Nielsen et al.' However, the present error Limiis are a 
factor of 4 smaller than theirs. In  the case of the other 
2' -+ 2' transition (1403 keVj we find an M1 
admixture of (61 ?:;:)%. 

'The relative iriterisities of the trarisi t jms from the 
1276-keV 2' state as obtained with oiir large-volume, 

high-efficiency Ge(1,i) detector are given in Table 1.8 
along with the previous results.6 ,7 From our gamma-ray 
interrsity data, an Ml adniixtui-e o f  (73.0 _+ 1.3)% in the 
2+ -+ 2' 1183-keV transition would yield a consistent 
value for the spin-independent band-mixing parameter 
2, for the various branching ratios from the 1 '276-keV 
2' state. CMien one subtracts the 8S.6% fM1 admixture 
in this 2' -+ 2' transition found f rom our y ~ ( 0 )  work, 
it is impossible to find a consistent ZB value. It  takes six 
stancktrd devjat ions ill the yy(0 j work or ten standard 
deviations in  our branching-ra t io data for the iV.11 
;idmixtures obtained in these two ways to agree. As a 
consequence we are forced 1.0 conclude that while the 
M1 admixture is large from this state in ' 7 x H f ,  the 
branching-ratio data are in no better agreement with 
theory than in "Gd. "tluis, this work does not 
confirm the expectation of Itlottelson' as earlier re- 
ported,' and it removes the one case that appeared to 
f i t  the suggested new theoretical description with large 
11.11 admixtures. 

A similar analysis has been performed for the next 2' 
level at 1490 keV, and the results are shown also in 
Table 1.8, where our gammo-ray intensities are com- 
pared with the early results of Nielsen et Since the 
blanching ratios agree with a K 0 assignment after 
subtracting a 61% MI admixture in the 2' + 2' 
transition, one is tempted to identify this its a 
0-vibrational state. Elowever, to assign one of the known 
O* states as the ground-slate member of such a 



Table 1.8. Relative intensities and branching ratios from the 1276.6- and 1496.1-keV 
2' ( K  = G)  levels in 7 x H f  poptilared in the decay of 78Ta 

Experimental relaiive B(E2)  Theore tical relaiive B E 2  I 

p:esc;ii work vslues cor z valuesb.of: Energy Camna inknsi;y 
Tran si :ion B 

M 1 = 0  M I  = 73%, M1 = 85.6-2,1%, +[.I% 0 0.020 0.026 0.040 Ref. I Re(. 6 This work (iteV; 

~ ~ ~~ 

970.0 2 + + 4 +  3.66 i 0.21 3.57 t 1.09 3.54 i 0.18 86.9 i 4.4 322 + 16 603 1;; 1 no 295 323 437 

1163.4 2++2 '  11.00 i ! .01) 11.00 109 1 DO I30 100 100 100 IO0 

1276.6 2 ' 1 0 '  2.52 = 0.26 2.07 10 .64  2.22 i 0.iO 13.8 f 0.6 51.1 i 2.2 95.8-4.3 70 54 51.2 40 
-.4.1 

-0.020 -0.040 -0.060 +O.?%> Ref. 9 This work M1 = 0 iM1 = 62.5% M1 = 61 

1189.5 2 + + 4 +  4.65 

1402.9 2+'2+ I00 

5.66 I 0.28 12.9 1 0 6 34.4 2 1.5 33 1 f 1.6 180 93.3 34.8 4.6 

:00.0 100 100 103 i U G  100 io0 103 

1496.1 2 + + 0 +  65.9 56.3 i 1.9 40.8 i 1.4 109 3.7 iD4.61;': 16 87.4 108 129 

'These value5 are for variousMl components in the 1183.4- and 1492.9-keV 2 ' 1  2+ transitions as indicated. 
b- The notation here i s  the same as refs. 3 aiid 4. The lower half of the table is for the 1496.1-keV level, and the Z values are negative. P 
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0-vibrational band would yield a momcnt of inertia 
quite different from that of the ground-state band. 
Nielsen et al.9 already have pointed out that the 
electron capture feeding to  the 1496-keV level is a 
factor of 2 higher than predicted by Alaga's rules for a 
rotational band built on either the 1434- or 1444-keV 
0' states. A more serious problem is the EO strength of 
the 1403-keV 2' + 2' transition. Our electron data and 
that of earlier work6 ,9 indicate that the EQ strength of 
the 1403-keV transition is about ten times weaker than 
that of the 1183-keV transition. 

The implications of these results are that the levels in 
' 7 8  Hf previously reported6 3 9  as p vibrational in char- 
acter are not. It certainly is true that the ' 781-If K = Q  
bands are quite different in structure than in 154Gd.  
One is clearly left with the problem of the anomalous 
branching ratios from the 0 bands, as there is at present 
no case where there is an adequate theoretical descrip- 
tion to explain the branching patterns from these states 
of the "6-vibrational" type. 

1. Vanderbilt University, Nashville, Tenn. 
2. J. H. Hamilton et al., Ckein Oiv. Annzt. Progi-. Rep. Moy 

3.  L. L. Riedingcr, N. K. Johnson, and J. I1. Hamilton, Pkyzyr. 

4. L. L. Riedinger, N. R. Johnson, and J. 11. Namilton, Pkys. 

5. J. H. Hamilton et  al., Phys. Rev. Lett. 2S, 946 (1970). 
6. H. L. Nielsen, K. B .  Niclscn, and N. Rud,Pkys, Rev. Lett. 

7. T. A. Siddiqi, R. C. Carlson, and G. T. Emery, Bull. Amer. 

8. B. R.  Mottelson, J. Phys. SOC. Jnp., Suppl. 24,87 (1968). 
9. H. L. Nielsen et al., Nucl. Pkys. A 93, 385 (1967). 

20, 1970, ORNL-4581, p. 17. 

Rev. Let?. 19, 1243 (1967). 

Rev. 179, 1214 (1969). 

R 27, 150 (1968). 

Pkys. SOC. 14, 1174 (1969). 

THE DECAY OF Au TO THE 
LEVELS OF 94Pt1  

G. C). Elenson' 
A. V. Kanlayya' 

I<. G. Abridge' 
G. D. O'Kelley 

The gamma rays emitted following the decay of the 
39.5-hr ground state of '94Au (spin and parity 1 -) to 
levels in 194P t  have been studied extensively in an 
effort to  remove some of the uncertainties from the 
decay scheme derived from previous work. The energies 
and intensities of 93 gamma ra.ys werc determined with 
a highhefficiency , high-resolution Ce(Li) spectrometer. 
In addition, nine weak lines were seen in the singles 
spectra which could not be positively assigned to  the 
' 9 4  Au decay on the basis of half-life or coincidence 
relationships. 

Energies were measured by recording the spectrum of 
a source composed of a mixture of 'At1 and several 

radionuclide standards. From such spectra the energies 
of several prominent gamma lines were obtained, and 
these energies in turn were used as internal standards 
for the determination of the weaker lines. The energy 
calibration was accomplished with a computer program 
which fitted the standard lines to a second-degree 
polyriomial by the method of least squares. These 
careful energy measurements disclosed significant dis- 
agyeements with earlier values for the high-energy 
gamnu rays by Bergman and Back~trOm,~ who used a 
magnetic internal-conversion spectrometer. Our energies 
of strong transitions at high energies measured by 
Ce(Li) spectrometry were as much as 0.3 to 0.5 keV 
lower. Our results were verified by comparison of 
energies of escape peaks with energies of fullcnergy 
peaks of high-energy gamma rays. 

Pt 
were calculated frum the relative gamma-ray intensities 
in the present work and the internal-conveision electron 
intensities th.at were determined by Bergman and 
B a c k s t r ~ m . ~  The relative gamma-ray and electron in- 
tensities were normalized by use of the theoretical 
internal conversion coefficient4 for the intense E2 
transition of 328.47 keV from the 2' first excited state 
to  the O'gound state of 194Pt .  

Gamma-gamma coincidence nieasurements were per- 
formed with two Ge(Li) detectors in a 90" geometry 
coupled to a two-parameter analyzer. Gamma coinci- 
dence spectra obtained by gating on 34 transitions were 
analyzed. The coincidence relationships, extensive data 
on multipolarities of the gamma transitions derived 
from internal conversion coefficients, and precise transi- 
tion energies and intensities were used to  conqtruct the 
consistent level scheme for 941't shown in Fig. 1 .I 5. 

Reduced transition rates, R(E2), for transitions from 
states in lg4!?t and energy spacings suggest that the 
low-lying states of ' 94Pt  are vibrational in character. 
We have interpreted the 622-keV (2') and, 81 I-keV 
(4') levels as members of a two-phonon triplet and the 
923keV (3+), 1229-keV (2,3,4'$, 1267-keV (O'), and 
1374-keV (6') levels as possible members of a three- 
phonon quintet. In addition, we observed the ground- 
state transition from the 1432-keV ( 3 3  level, which we 
interpret as an octupole vibratibnal state. 

We have 3150 compared our experimental results with 
recent calculations by Kurnar and Raianger,' who 
applied the pairing-plus-qundrupo!e model of residual 
interactions to calculations of properties of states of 
even isotopes of W, Os, and Pt. The model does not 
yield accurate energies of the first few excited states, 
nor does it account for the large number of low-lying 
states observed experimcntally. Further, experimental 
ratios of B(E") values generally do not agree well with 

The K-conversion coefficients of transitions in 
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the values calculated by Kuniar and Baranger. Thus, the 
pairing-plus-quadrupole inodel does not appear to pro- 
vide an adequate description of the levels of lg4Pt .  

1. Sumnrxy of ;1 paper published in Nucl. Phys. A 150, 31 1 

2. Vanderbilt liniversity, Nashville, ‘Tenn. 
(1970). 

‘ 3. 0. Bergmall and G. Biickstrom, A k l .  Phys. 55, 529 
(1964). 

4. L. h. sliv and 1. M. Band, p. 1639 in A[pha-, Beta- and 
G ~ ~ V U - R Q J ~  Spectroscopy, K. Siegbbalin, ed., North-Holland, 
Amsterdam, 1965. 

5 .  K. Kumar and M. Baranger, Nucl. Phys. A 122, 273 
(1968). 

ABUNDANCES OF THE PRIMORDIAL RADIO- 
NUCLIDES K,  Th, ANI) U IN APOLLO 12 

LUNAR SAMPLES BY NONDESTRUCTIVE 

IMPLICATIONS FOR ORIGIN OF 
LUNAR SOlLSl 

GAMMA-RAY SPECTROMETRY: 

C. D. O’Kelley 
P. R. Bell’ 
J. S. Eldridge3 

V. A. McKay4 
K. J. Northcutt3 
R. T. Koseberry4 

E. Schonfcld’ 

A suite of lunar samples froin the Ocean of Storins 
were exarmned by nondestructive gamma-ray spec- 
trometry at the Z undr Receiving Laboratory (LRL), 
Iloustori, Texas, duiing the Apollo 12 misron. Pie- 
liminary ddtd froin this study were reported edrlier.’ 
Moie recently, the data analyses have been refined, and 
addr tional smiples have been analyzed. 

The girrima scintillation coincidence spectromeler 
used at the LKL foi analy5is of most of the wnples,  
calibration procedures, and assoculed d,it,i ieductioo 
techniques were desciibed previously. A second system 
at ORNL with detectors identicdl to those used at the 
LKL was used to analyr,e two of the samples (12002,20 
and 1201 3,l I ) .  Analyses for K, Th, and U are presented 
in Table 1 9 hrroi statements in the table are quite 
conservative estim,itei and include overall errors froin 
counting statistics, geornetiicd uncertainties, and cab- 
bratton errors. 

Analysis of Rocks and Fines 

The large amuunt of tilaterial studied (about 40% of 
the total nidss of Apollo 12 sample\) permts Soine 
detailed comparisoiis to be made between the concen- 
tratiotib shown In Table 1 .Y a i d  comparable ineame- 
rneim cairied out on Apollo 11 saniples by V ~ I I O U S  

investigator<. The crystalline rocks of Apollo I 1  
appeared to fall into two chemical groups with different 

alkali metal concentrations. Our hpollo 11 work 
showed that one chemical group had werage K, Th, and 
U concentrations of about 500, 1.0, and 0.25 ppm 
respectively; the other group had average K, Th, and U 
concentrations of about 2400, 3.3, and 0.8 ppm 
respectively . 

All of the crystalline rocks of Apollo 12 we have 
exanziiied resemble the low-potassium group of Apollo 
1 I and have average concentrations of K, Th, and U of 
about 520, 0.97, and 0.25 ppm respectively. ‘These 
Apollu I 2  samples show remarkably small deviations 
from the average values. 

The fines and breccia from the Ocean of Storms are 
quite hfferent from the crystalline rocks in several 
respects. The concentrations of the radioactive elements 
K., mi, and U are much higher aiid inore variable in the 
fines and breccia than in the crystalline rocks. The 
average K/U ratio for fines and breccia is only about 
1300 (see Table 1.9), compared with an average value 
of about 2100 for the crystalline rocks. It i s  important 
to note that the mass ratio 7h/U is approxiniately 3.8 
for all materials listed in Table 1.9 except for sample 
12013, i n  good agreement with average Th/U ratios for- 
Tranquillity Base niaterials and for terrestrial ma terials. 
The concentrations of K, U, and Th in the fines and 
breccia from the Apollo 11 site were intermediate 
between the respective concentrations for the two 
chenlical classes of crystalline rocks. It appe:ired o n  t h i s  
basis that the fines and breccia might have been derived 
from the crystalline rocks at the Sea of Tranquillity; 
however, inore detailed chemical studies later showed 
that Apollo 1 I soil contained other components dif- 
fering slightly from the crystalline rocks in cornposi- 
tion. Clearly, 1he crystalline rocks whose concentrations 
are given in Table 1 .9 could not alone have formed the 
Apollo 12 fines arid breccia. 

The depletion of volatile elements observed iii lunar 
materials is thought to be characteristic of the whole 
moon. Studies of the prjinordial radioactive elements 
are parLicubrly useful in this connection, because the 
ratios of K (a volatile element) to U (a refractory 
element) for common terrestrial rock types are re- 
markably constant over a wide range of K concentra- 
tiori. Thus, the K/U tatio :ippears to  be it result o f  early 
chemical fractionation and is no1 dfected by later 
igneous processes. 

In Fig. 1.16 we show a plot of K/U mass ralios as a 
function of potassium concentration, normalized to 18 
wt % silicon. Data on lunar samples are from our 
gamma spectrometry studies and from other chenlical 
analyses reported in thl: literature. I t  is clear that 
eucrites, carbonaceous chondi-ites, and ordinary chon- 
driIes fall into groups which are distinct f r o m  one 
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‘Table 1.9. Concentrations of priniordial radionuclides in lunar sample8 

Weight K Th U K/U Th/U 
Sample i d  ippm) (PPm) ( P P d  mass ratio mass ratio 

12002,o 

12002,20 

12002, 30 

12004, 1 

12021,o 

12039,O 

1205 1, 0 

12052, 1 

12053, 0 

12054.0 

12062,O 

1206% 0 

12065.0 

1529 

260 

46 
502 

1877 

255 

1660 

201 

879 

687 

7 39 

1214 

2 109 

Average, crystalline rocks 

12032, 16 89.6 

12070.0 354 

12034,O 155 

12073,O 405 

Average, fines and breccia 

12013,O 80.0 

12013, 11 66.2 

450 5 20 

425 i 21 

440 + 20 

469 t 33 

500 + 50 

673 t 40 

530 i 50 

540 i 20 

535 i 40 

5 3 0 +  35 

510 + 35 

520 i 35 

510 t 50 

3100 i 100 

2030 ? 120 

4560 t 130 

2960 + 90 

20,400 t 600 

21,100 + 600 

Crystalline rocks 

0.89 i 0.06 

0.73 f 0.04 

0.86 i 0.06 

0.92 i 0.09 

0.98 i 0.10 

1.20 ? 0.06 

1.00 * 0.10 

1.03 i 0.06 

1.06 * 0.11 

0.79 * 0.08 

0.83 i 0.09 

0.87 i 0.09 

1.06 i 0.11 

Fines 

8.8 t 0.2 

6.25 ? 0.50 

Breccia 

13.1 _+ 0.3 

8.45 i 0.10 

Rock 12013 

34.2 * 0.8 

32.2 i 1.4 
.... 

0.23 i 0.02 

0.21 i 0.02 

0.22 i 0.02 

0.21 i 0.03 

0.26 i 0.03 

0.31 * 0.03 

0.26 i 0.03 

0.27 f 0.02 

0.28 i 0.03 

0.22 i 0.03 

0.22 i 0.03 

0.23 i 0.02 

0.27 * 0.03 

2.35 i 0.07 

1.65 * 0.16 

3.4 t 0.2 

2.19 f 0.08 

10.3 r 0.5 

9.8 2 1.0 

1960 i 192 

2020 r 216 

2000 i 212 

1960 i 282 

1920 i 292 

2170 r 246 

2040 * 304 

2000 + 166 

1910 i 244 

2410 +_ 365 

2320 2 354 

2260 i 248 

1890 + 280 

2066 

1320 t 58 

1230 f 140 

1341 + 88 

1352 * 68 

1311 

1980 ? 112 

2160 + 228 

3.87 i 0.42 

3.50 i 0.39 

3.91 i 0.45 

3.83 i 0.61 

3.77 + 0.53 

3.87 i 0.42 

3.85 i 0.59 

3.82 i 0.36 

3.79 i 0.57 

3.59 t 0.61 

3.78 i 0.66 

3.78 i 0.51 

3.92 * 0.54 

3.79 i 0.14 

3.75 * 0.14 

3.79 * 0.48 

3.85 i 0.24 

3.86 i 0.15 

3.81 ? 0.14 

3.32 + 0.18 

3.29 i 0.36 
.. ... . ~ -. . .. 

“Standardization for assay of K ,  Th ,  and U assumed terrestrial isotopic abundances and equilibrium of Th and U decay series. 

another and from either lunar or terrestrial materials. It 
may be noted that on these systematics the tektites fall 
within the terrestrial group. The meteorit,es fall on a 
common “trend line” for which the product of the K 
and U concentrations is approxinlately constant. In 
contrast, both the earth and the moon possess constant 
K/U ratios characteristic of each planet. 

The values of K/U for lunar material appear to be 
separable into five distinct groups, as shown in Fig. 1.1 4 :  
( I )  Apollo 12 rocks + low-K Apollo 11  rocks; (2) 
Apollo 11 fines and breccia; ( 3 )  high-K Apollo 11 
rocks; (4) Apollo 12 fines and breccia; and (5) rock 
1201 3. An analysis of the relationships between these 
“islands” in the K/U systematics suggests that samples 
at the two landing sites are products of two separate 
magmatic proc- m e s .  

Rock 1201 3 and the Origin of Apollo 12 
Fines and Breccia 

Sainple 12013 proved to be one o f  the most 
interesting samples studied. Our gamma-ray spec- 
trometry measurements during the preliminary exami- 
nation showed clearly that the specimen was dxamti- 
cally different from all lunar 3amples previously 
examined.6 The concentrations of K and U were about 
40 times the average concentrations of the crystalline 
rocks of Gpollo 12 and about 10 times the concen- 
trations of the high-K rocks of Apollo 11. At the 
bottom of ‘Table 1.9 we show a refined analysis of our 
data on the whole rock (12013,O) and an additional 
measurement on the 66-g piece (12013,ll) which 
remained after samples were cut for destructive analy- 
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sis. Despite the inlzomogeneity of this breccia 0 1 1  a 
microscopic scale, the primordial radioriucltde conceri- 
trations from our two measurements on large rock 
fragments apee  very well with each other. The Th/U 
ratio is distinctly different, namely, 3.3, compared with 
3.8 for other Apollo 12 material. 

It is interesting to speculate on the possible role of 
rock 120 I 3 o r  one of. its components in forming the 
Apollo 12 f i r m  and breccia. Our K/U systernalics 111 

Fig. I .LG wggest that the required material to mix with 
the crystalline rocks must have it low K/U ratio of 
about 1000 arid a K concentration of about 5000 to 

Oceanic  
A Tho le i tes  Basalts 

3 CHONDRITES 

CT 
3 
\ 

x 

I IC__ 

I , &Dark, 12013 , 10 3- 

lo2 2 5 lo3 2 5 I o4 2 5 lo5 
POTASSIUM CONCENTRATION (PPM) NORMALIZED TO 18 WT Yo SILICON 

I APOLLO 1 1  ROCKS, APOLLO 11 FINES, APOLLO 11 BRECCIA 
APOLLO 12 ROCKS, 0 APOLLO 12 FINES, 83 APOLLO 12 BRECCIA 

Fig. 1.16. Plot of mass ratios K/U as a function of K cunmentration normalized to 18 wt % Si. The distinct .grouping of 
meteorites and terrestrial and lunar materials i s  apparent. 
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7000 ppm. Further, since our Th/U ratios of Table 1.9 
show that the fines, breccia, and crystalline rocks all 
have a common 'Th/U ratio of 3.8, not all of the 
constituents of 12013 can he common to the lunar soil. 

Studies on 1201 3 have disclosed a general chemical 
similarity between the light and the gray material, 
which, taken together, are dstinct from the dark 
material. Chemical analyses from the literature on these 
two components of 12013 show that the average K 
concentration is 6500 ppm for the dark material and 
25,500 ppm for the light and the gray, in fair agreement 
with our measured concentration of about 20,000 ppm 
averaged over the whole rock. The light material is too 
high in potassium to be the missing component. 
Further, Wakita and Schmitt7 report a range of 2.3 to 
3.2 for the Th/U ratio, which also militates against the 
light material. However, Tatsumoto8 found dark ma- 
terial from 12013 which had a 1J concentration of 5.7 
ppm and a "normal" Th/U mass ratio of 3.7. Thus, it 
appears that a component of 1201 3 with a K concen- 
tration of 6500 ppm, a K/U ratio of -1 100, and a Th/U 
ratio of 3.8 does exist and may be the component 
required to form the lunar fines and breccia from the 
crystalline rocks. This point has been added to the K/U 
systematics of Fig. 1.16. These results strongly support 
the suggestions of Hubbard, Gast, and Wiesmann' and 
Schnetzler, Philpotts, and Bottino' that the dark 
component of 12013 miry be a major component of the 
lunar soil. 

A simple two-component mixing model was fitted to 
the K and IJ concentrations of three soil samples and 
two breccia samples from Apollo 12. Mixing was 
assumed to occur between basaltic material of 520 ppm 
K and 0.25 ppm U and a foreign component of 6500 
ppm K. The data are best fitted by a U concentration of 
5.2 ppm in the foreign component. Samples (and 
percent foreign component) are: soils 12032 (43%), 
12033 (54761, 12070 (27%); and breccia 12034 (66%), 
12073 (40%). 

Gas Retention Ages 

The elemental analyses for K, Th, and U reported in 
Table 1.9 may be combined with rare-gas concen- 
trations to  estimate crystallization ages of rocks. In 
Table 1 . I O  we show gas retention ages for eight 
samples. Although the K-40Ar and U,Th-'He ages are 
reasonably concordant for 12002, 12004, and 12064, 
the U,ThPHe ages are consistently younger than the 
K-40Ar ages. 'The low U,Th-4He ages for 12062, 12065, 
and 1201 3 suggest that these rocks have experienced 
significant heating accompanied by preferential loss of 
He. 

Table 1.10. Estimation of gas retention ages of lunar samples 

Sample K-'"A~ (10' years) U.Th-4He (10' yearu) 

12002 2.55" 2.32" 

12004 2.92' 

12021 3.22b 

12052 2.34b 

12062 2.6 1" 

12064 3.10' 

12065 2.19' 

12013 3.37' 
___ ~ 

'Rare-gas concentraiions from 

bRare-gas concentrations from 

'Rare-gas concentrations from 

dRare-gas Concentrations from 

trations from Table 1.9. 

trations from .Table 1.9. 

concentrations from Table 1.9. 

trations from Table 1.9. 

2.69" 

1.22d 

2.69' 

1.95' 

1.47" 
.. . . .. . . . . 

ref. 12; K. Th,  U concen- 

ref. 13; K ,  Th. U concen- 

refs. 6 and 14; I(, Th,  U 

ref. 6: Th  and U concen- 

Gas retention ages of large samples are generally 
found to  give somewhat shorter ages than those 
obtained by other methods. However, the K-40L4r ages 
of Table 1.10 for 12004, 12021, and 12061 show 
evidence of little or no loss of radiogenic argon. Our 
results compare well with ages of these t\pollo 12 rocks 
reported at the 1971 Lunar Science Conference by 
other groups using different isotopic clocks. None of 
the Apollo 12 rocks we have studied have exhibited an 
age as hjgh as the 3.97 X I O 9  years we determined" 
for Apollo 1 1  rock 10003. 

- 

1. Sponsored by the National Aeronautics and Space 
Administration through interagency agreements with the U.S. 
Atomic Energy Commission. Summary of a paper in press in the 
Proceedings of the Second LUIIW ,Scierice Confeveiice, to be 
published in Geochinzica et Cosmochimica Acta. 

2. Director's Division. 
3. Analytical Chemistry Division. 
4.  Instrumentation and Controls Division. 
5. NASA Manned Spacecraft Center. Houston, Tex. 
6 .  Lunar Sample Preliminary Examination Team (including P. 

R. Bell, J. S. Eldridge, V. A. McKay, G. D. O'Kelley, and R. T. 
Roseberry), Science 167, 1325-39 (1970); Chem. Div. Annu. 

I .  11. Wakta and K. A. Schmitt, Earth Planet. Sci. Lett. 9, 

8. M. 'I'atsumoto, Earfh Planet. Sci. Lett. 9, 193- 200 (1970). 
9. N. J. Hubbard, P. W. Gast, and 1-1. Wiesmann, Earth Planer. 

10. C. C. Schnetzler, J. A. Pbilpotts, and M. L. Bottino, Earth 

h o g .  Rep. MUY 20, 1970, ORNL-1581, pp. 25-27. 

169 76 (1970). 

Sci. Lett. 9, 181-84 (1970). 

Pfaiiet. Sci. Lett. 9, 185-92 (1970). 



29 

1 1 .  G.  D. O'Kelley et al., Proceedings of the Apollo 1 / Lunar 
Science Cotifereizcx, Geochim Cnsniorhirn. Acta, Suppl. 1 ,  vo1. 
2, pp. 1407 --1423, Pergzamoti, 19'70. 

12. H. Hinteriberger, 11. Weber, and N. Takaoka, Apollo 12 
Lunar Science Conference, unpublished proceedings, 1971. 

13. K. Marti and G. W. Lugmdir, Rpollo 12 Lunar Science 
Conference, unpublished proceedings, 1971. 

14. 0. A. Schaeffer et al., Science 170, 161--62 (1970). 

COSMOGENIC RADIONUCLIDE CONCENTRATIONS 
AND EXPOSUKE AGES OF LUNAR SAMPLES 

FROM AWLLO I2l 

G. D. O'Kelley 
P. R. Bell2 
J. S. Eldritlge3 

V. A. McKay4 
K. J.  Northcutt3 
K. T. Uoseberry4 

E. Schor~feld~ 

Cosmogenic radionuclide abundances in lunar samples 
from the Ocean of Storms were determined nonde- 
structively by gamma-ray spectrometry. Several radio- 
nuclides of interest have short half-lives, and for this 
reason, most of the data reported below were recorded 
at the Lunar Receiving Laboratory (LUL), Houslon, 
Texas, during the preliminary exatnination of the 
Apollo 12 samples. Preliminary values of "Na and 
"A1 concentrations for some of the samples were 
published;' since that early account ihe analyses of the 
data have been refined to obtain quantitative radio- 
nuclide concentrations of other cosmogenic species, arid 
additional samples have been analyzed. 

Several garnnla-ray spectrometers were used in the 
course of this study. An NaI(T1) scititilhtion coinci- 
dence spectrometer with an associated on-line data 
acquisitioii system described p rev io~s ly ,~  together with 
a Ge(Li) spectrometer, permitted rapid analyses of 
samples at the LRL during the sample quarantine 
period, so that nuclides of short half-life could be 
determined. Some studies at later times were carried 
out at ORNL on an NaI(T1) spectrometer similar to the 
scintillation spectrometer at the LRL. 

The first Apollo 12 sample for radioactivity delermi- 
nation (12002,O) was received from the LKL Sample 
Laboratory on November 28, 1969, about 8.4 days 
after liftoff' from the moon. Methods of data acquisi- 
tion and data analysis were essentially the same as those 
we used to analyze Apollo 1 I sarnple~.~ Yields of 
short-lived nuclides were corrected to  the time of liftoff 
from the lunar surface, 1426 GMT, November 20, 
1969. 

Cosmogenic Radioiiuclide Concentrations 

Kesults are given in Table 1 .I 1. The general colicen- 
tration patterns resemble those we observed for spallo- 

genic radionuclides in the Apollo I1   sample^;^ however, 
a number of subtle differences were noted due to 
effects of chemical composition and shielding. The data 
of Table I .I 1 were recorded on large samples, usually a 
rock or a large fragrnent of a rock. Sample weights are 
listed in Table 1.9 of the previous paper. As observed in 
all ganinu-ray spectrometry studies of lunar samples, 
the high concentrations of 'l3 and t J  make difficult the 
determination of weak gamma-ray components. Be- 
cause of the short tinies available for s o m  of the 
measurements, i t  was not possible to determine all eight 
nuclides listed in Table 1 . I  1 for all of the samples. 
Uock 12002 was the most carefully studied o f  all our 
samples, and a rather cornplcte radionuclide pattern was 
obtained. 

Sample 12002,30 was a 46-g piece cut from the top 
of oriented rock '12002,0, and the data in T;ible 1.11 
were obfained before 12002,30 \vas submitted to 
destrudive analysis by Finkel et 31.' to determine 
depth variations of cosmogenic nuclides. As expected, 
high concentrations of 2 6 N  and "Na were seen, in 
excess of the production by galactic protons, which is 
estimated to  be about 41 dis min-' kg-'.  The 
concentration of 54Mn has also been enhanced over the 
riominal galactic production value by solar proton 
bombardment, while "Co,  which is almost totally 
produced by solar flares, manifests a large concen- 
tration in the surface piece (12002,30) over that of the 
whole rock (12002,O). In contrast, breccia 12034 was 
buried about 15 cm and so was shielded froni solar 
protons; hence the concentration of 4Mn is low and 
56Co i s  untletectable. 

For the other rocks of Table 1.11 excess 2 6 A I  is  
observed over that produced by galactic protons, with a 
moderate excess of ' 'Na. These results, together with 
the Co concentrations of Table 1.1 1, show that the 
rocks in question were at least. partially exposed on the 
lunar surface. 

Rocks 12054, 12062, and 12064 show evidence of 
recent low exposure. Within experimental errors it is 
not possible to decide whether the low values of ' 6 A l  
are due to partial shielding froni solar protons or 
whether the ' A1 did not attain saturation. Galactic 
proton exposure ages suggest that samples 12062 and 
12064 have been near, but not on, the lunar surface for 
the last 150 to 200 m.y, (million years), so these rocks 
probably received a low exposure to solar protons. 
Another possible explanation would be a hi& surface 
erosion rate, but it does not seem consistent to propose 
that certain rocks erode rapidly while others do not. 

The two soil samples we examined appear to have 
been taken from quite different depths. The high 
concentrations of "Na arid '" Al, and especially the 
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Table 1.1 I .  Concentiations (dia miti-' kg-' of spallopnic radionuclides in Apollo 12 samples' 

Values for short-lived nuclide\ have been corrected to 1426 GM 1, Nov. 20, 1969 
- 

Sampleb Typec 2 2 N a  26A1 4 6 s c  48v 

12002,o 

12002,20 

12002, 30 

12004, 1 
12039,O 

12052, l  

12053,O 

12054, 0 

12062, 0 

12064, 0 

12013.0 

1 2 0 1 3 , l l  

12034,O 

12073.0 

12032. 16 

12070,O 

8 42 t_ 3 
B 47 + 3 
B 86 t 3 

A 5 3 i 5  

B 43 + 5 

A 40 i 6 
A 40 + 6 

8 3 9 t 7  

AB 30 I 5 

R 40 2 5 
C 5 0 +  10 

C 26 + 10 

C 29 * 5 

c 63 i 7 

D 48 5 6 

D 70 i 8 

I5 t 6  

6 1  + 5 
126 t 6 
90  ? 6 
95 z 7 

I 5  I 6 

81 + 12 

5 0 1  10 

57 i 9 

51 ? 5  

115 t 16 

9 0 t  10 

45 + 5 

110 I 1 0  

100 i 7 

1 4 6 +  16 

3.5 f 1.0 

3.7 i 1.5 

<6.0 

7.0 i 2.0 

5.0 I 2.0 

5.0 f 2.0 

5.0 + 2.0 

< 15 

< 10 

< 10 
< 10 

13  r 3 

20 + 5 

9 + 3  

22 i 6 

1 6 0  

.. . . . . . 
52Mn 
.........I_ 

31 i 12 

3 3 +  18 

54Min 56cco 

38 i 3 33 t 4 

50 i 5 148 t 20 

35 t 4 34 t 8 

37 i 6 4 0 +  10 

27 f 7 2 6 t  10 

35 f 5 

36 1 5 4 0 i  10 

3 1 i 6  7 + 4  

35 1 3  32 + 6 

<66 50 30 

32 t 6 

16 i 8 <16 

28 i 7 

27 + 7 < 30 

a1  _+ 10 55 I 14 

47 * 12 

- 

... 

'Upper limits are 2u,  evaluated from least-squares analysis. 

bA zero following the five-digit sample number designates a whole rock or fines sample. 

LPetrologic type: A ,  fine-grained crystalline rock; €3, coarsegrained crystalline rock; AB, cryst;illine rock of intermediate grain 
size; C ,  breccia; I ) ,  fines 

high 6Co, arc consistent with near-surface sampling for 
12070. The sample of 13032 apparently came from a 
deeper zone, about 5 cm below the surface. 

The concentrations of 46Sc  in samples from Apollo 
12 are about 2.4 times lower than those we found in 
Apollo 11 sarnphx7 This reduction reflects the lower 
concentration of Ti target nuclei in the samples from 
the Ocean of Storms. 

Despite delays in obtaining samples during the pre- 
liminary examination, 5.7-day s Mn was determined in 
two rocks and 16-day 4 8 V  was determined in four 
rocks. The 52Mn yields are approximately as expected 
from the chemical composition and correlate well with 
the 54Mn yields. Most of the 4 8 V  was produced by 
solar protons via the reaction 48Ti(p,~i)48V during the 
solar flare of November 3 ,  1970. The 4 8 V  and 5 6 C 0  
concentrations of rock 12062 show that this rock was 
partially shielded from solar protons. 

Thermal-Neutron Flux 

Cobalt-60 has a half-life of only 5.3 years and is  
produced with a high cross section (37 b) by thermal- 
neutron capture in 59Co. The concentration of 6oCo in 
lunar material can be employed to calcdate the neulror) 

flux characteristic of recent steady-state production on 
the lunar surface. Such information is a useful com- 
plement to fluxes deduced from mass spectrometric 
ineasurziiierrl s of isotopic anomalies in Gd. 7he Gd 
isotope ratios yield an integrated thermal-neutron flux 
which requires a meaningful exposure age before an 
average flux can he obtained. Lunar rocks endure such a 
complex history that the average flux ohtaincd mass 
spectronietrically may not represent the most recent 
flux to the accuracy desired. 

In Table 1.11 we show that in the casc of rock 
12002,O a valiie of 0.55 2 0.30 dis min-' kg-' was 
obtained for the 6oCo concentration, from which we 
derive a value for the thermal-neutron flux (of 0.35 +_ 

0.18 neutron cm-' sec-' . Our result for the flux in this 
sample of mass density 20 g/cm2 is in good agreement 
with the depth dependence of thermal-neutron fluxes 
measured mass spectrometrjcally by Marti and 
Lugmair' in lunar material of about 18 to 150 g/cm2. 
Our result for 12002 is also in agreement with the 
theoretical value of 0.23 f 0.06 neutron cm-2 sec-' 
calculated by Armstrong and Alsmiller,' who averaged 
the solar maximum and minimiim fluxes and included 
nominal Apollo 11 rare-earth concentrations in the 
lunar surface composition. 

6 0  
C O  

0.55 ? 0.30 

0.73 + 0.65 

<2.6 

<1.0 

<1.0 

<1.0 

<8.0 

<4.0 

<2.0 

<1.5 
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Exposure Ages 

Estimates o f  cosmic-ray exposute ages were made on 
seven rocks by the 22Na-22Ne method7 and agree well 
with 3He ages from the literature. Exposure ages ranged 
from 48 m y .  ( I  20 13) to 25 1 m y .  ( I  2064). 

Kocks of relatively shorter exposure age (12002, 
12004, 12013, 12053) all were collected III the Ocean 
of Storms north of a line connecting the north nm of 
Bench Crater and the center of Surveyor Crater. Rocks 
12062, 12064, and 12065 lrdve significantly longer 
cxposure ages and were collected south of this line, 
which appears to be a bounddry associated with Middle 
Crescent Crater. As shown by Warner arid Andelson,’ ’ 
most of the ciystalhne rocks north of this diffuse 
boundary are porphyritic basalts, while those to the 
south are granular and ophitic basalts. The model 
proposed by Wdrnei and Anderson to account for this 
distribution tentatively associated with Middle Crescent 
Crater suggests that the ared north of the bomddry 
would be shewn with ejecta of somewhat more iecent 
exposure than the region to the south, which night be 
rich in older regolith material. Although this conclusion 
is speculative and is based on relatively few exposure 
ageb, our data lend qualitative support to the model of 
Warner and Anderson. 
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ORNL- DWG. 70- 5967 1’“ INTRA N U C L E A R  CASCADE 

Ep ( M e V )  

Fir. 2.1. Calculated excitstion functions for selected nuclear reactions of 231Pa + I?. Results are shown, with and without fission 
I 

competition, as obtained for compound-nucleus decay only 
compound-nucleus decay (riglit side). 

that while the (p,pxn) cross sections have also decreased 
due to the effect of fission, they have not been as 
drastically reduced as have the (P,xM) values. In fact, 
the (p,p4n) curve has approxlmately the same maxi- 
mum value as the (p,Sn) curve, an effect associated with 
the decreased fissionability of the intermediate nuclei 
resulting from proton emission [see Eq. (3)J. The 
@,a3n) curve, although calculated with poor statistics, 
also increases relative to the (p,xn) curves when fission 
is included in the calculations. 

The shapes of the excitation functions for the 
emission of charged particles change when the fission 
process is considered. This result occurs because several 
reaction paths, with ensuing different fission- 
competition factors, are possible in such reactions; for 
example, the (p,p4n), (p,d3rz), and (p,t2n) reactions all 
may contribute to the calculated (p,p4n) curve. For 

(left side) and for the intranuclear cascade followed by 

(p,xn) reactions, the reaction path is uniquely deter- 
mined, and so only the magnitudes, but not the shapes 
of the excitation functions, change when fission is 
allowed. 

When compound-nucleus decay, without fission, is 
preceded by the intranuclear cascade, we notice, as 
shown in the upper right part of Fig. 2.1, that the 
@,xu) curves have characteristic high-energy tails and 
that the (p ,pxn) curves do not vary as rapidly with 
proton energy as they do when only compound-nucleus 
decay occurs. These results clearly are due to the fact 
that a distribution of excited compound nuclei are 
produced in the cascade instead of only 2 3 2 U .  Note, 
however, that peak values of the various cross-section 
curves are not very different for the cases labeled 
“compound nucleus” and “intranuclear cascade” (with- 
out fission). 
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But when the fission process is also included in the 
cascade-plus-compound-nucleus calculation, the (p ,pxn) 
cuives are seen to increase significantly relative to  the 
(p,xu) cuwes. For example. a(p,p.?-ri) = 4 mb and 
.('p?Sn) .= 0.6 mb at their respective maxima. The major 
causes of this effect are: (1) the increase with increasing 
bombarding energy of the number of particles emitted 
during the cascade phase of the reaction, resulting in 
fewer particles that have to be evaporated, in competi- 
tion with fission, to form a given product: (2) the large 
contribution of cascade protons, instead of evaporation 
protons, to the calculated @,pxn) cross sections; and 
( 3 )  the neglect of fission during the cascade process. 

In summary, the main points of Fig. 2.1 are: (1) the 
cross sections for (p,pxn) reactions in the absence of 
fission are ~ 1 0 %  of the @,m) values for either the pure 
compound-nucleus or intranuclear cascade calculations; 
and (2) inclusion of fission greatly enhances the @,pxrz> 
values relative to  the @,xn)  cross sections, the increase 
being larger for the intranuclear cascade. 

We also mention that we have enlarged the nuclear 
-reaction  calculation^^^^ so as to  be able to calculate the 
kinetic-energy and angular distx ihutions and ranges of 
product recoil nuclei. The details of these calculations 
are discussed in ref. 1 .  

Copies of these codes are available to outside users 
through the Radiation Shielding Jnformation Center at 
ORNL. 
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ANALYSIS OF 'TPIE INTERACTIONS 
OF PROTONS WITH Th AND Pa 

K. L. Hahn K. S. 'Toth' M. 1:. I<oche2 

Data for the reactions of p + 'Pa, as presented last 
year,3 led us to the consideration of nilclear reaction 
calculations as just described4 In this report we shall 
evaliiate these calculations by comparing calculated 
excitation functions with data for proton-induced 
reactions. 

Pa + p are not in the form of 
absolute cross sections, and so require additional 
discussion, we begin by showing the data from Eefat ' s  
group5 at Orsay for reactions of ' Th with protons. 
In Fig. 2.2 the points represent absolute cross sections 
determined by radiochemical piocessing of irradiated 
' ' Th targets. Because the experimental values are 
<lo0 mh, and because, as illustrated in Fig. 2.1 
(previous contribirtion), calculated cross sections for 

Because our data for 
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Fig. 2.2. Comparison of cross-sectbaa data of Lefort et al. 
(ref. 5) for 2 3 2 1 h  + p with 'predictions of the compound- 
nucleiis and intranuclear cascade models. Fission competition 
effects were included in all calcii1;itions. 
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@.xn) reactions have large values (several hundred 
millibarns) when fission is not considered, all of the 
calculated curves in Fig. 2.2 &J include the effects of 
fission competition. The dashed curves on the left side 
of Fig. 2.2 represent the various decay tnodes of 
compound nucleus ' Pa formed by the interaction of 

Th + p .  Although the peak values of the @,Sn) and 
@,6n) excitation functions are reproduced by the 
calculations, the rapid decrease of the calculated curves 
with increasing energy does not reproduce the experi- 
mentally observed high-energy tails. And the calculated 
(p,pxn) curves are several orders of magnitude smaller 
than the two experimental points measured at 82 MeV. 

The right side of Fig. 2.2 presents calculated excita- 
tion functions obtained by assuming that the reactions 
proceed via an intranuclear cascade (see ref. 4 for 
details of the calculation). Although not ideal, the fit to 
the data is much improved relative to  the curves 
obtained from the compound-nucleus model alone. The 
high-energy ttuls of the @,xn) data are indeed predicted 
by the calculations. And the (p,p4n) and (p,p5n) 
calculated curves have notinegligible values at 82 MeV, 
although they are smaller than the experimental cross 
sections by factors of -4 and -6 respectively. 

Note that neither assumption about the reaction 
mechanism, compound nucleus nor intraniiclear cas- 
cade, succeeds in predicting cross sections for the 
@,a3n) reaction that even approximate the measured 
values of -2 inb; the predicted values ate so small that 
they do not appear on the graph. This result is not 
unexpected for the compound-nucleus model, where 
Coulomb-harrier effects reduce the probability of 
charged-particle emission. But. as we have observed, the 
emission of charged particles, or at least of protons, is 
appreciable during the intranuclear cascade. liowever, 
only neutrons and protons can be emitted during the 
cascade; to explain the data, one apparently must 
postulate that nuclear aggregates, namely alpha par- 
ticles, are also emitted during the cascade? 

'Pa + p ,  shown in Fig. 
2.3, were obtained by collecting recoil nuclei ejected 
from the 231P:i  target. An :ingle of 34" with respect to 
the beam direction was subtended by the catcher foils. 
The experimental yields have been corrected for dif- 
ferences in beam intensity, bombardment time, decay 
aftei bombardment, and alphaltotal branching ratios, 
but not for target-thickness effects. The ordinates of 
Fig. 2.3 are thus proportional to  the product of the 
reaction cross section and the range of the recoil 
nucleus within the target. 

In Fig. 2.4 we compare our calculated results with the 
data for 'Pa + p .  The effects of fission are included. 

Our data for the reactions 

Because Fig. 2.2 indicated that lhe intranuclear cascade 
improved the agreement between theory and experi- 
ment vis-a-vis the compound-nucleus model, the calcu- 

.I 
30 40 50 60 

P 
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Fig. 2.3. Data obtained for the reactions 231Pa f p by 
collecting recoil nuclei that escape from the I Pa hrget. 
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Fig. 2.4. Comparison of the intranuclear cascade calculations, 
including fission, with the data for 231Pa + p .  The curves in the 
right half of the figure also include effects attributable to the 
ranges and angular distributions of  the recoil nuclei. 
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lated curves in Fig. 2.4 are based on the cascade model. 
The left side of the figure presents calculated curves 
that are directly proportional to  reaction cross section; 
the calculations are normalized to  the data at the peak 
of the (p,5n) reaction. We see that the (p,pxiz) reactions 
are correctly predicted to  be predominant above 45 
MeV. But the predicted high-energy tails of the ('p,xn) 

COULOMB EXCITATION STUDIES 
OF EVEN-EVEN TRANSURANIUM NIJCLEI 

USING ALPHA PARTICLES 

C. E. Kemis, Jr. 
J .  I,. C. Ford, Jr.' 
P. PI. Stelson' 

K. Robinson' 
F. K. McCowan' 
W. 1'. Miher' 

reactions, which agree with the data so nicely in the 

'To account for this discrepancy, we calculated the 
angular distributions and ranges of the recoil nuclei, as 
discussed jn ref. 4. We wcre thus able to take into 
account in our calculations how the experiments were 
carried out, correcting the predicted cross-section values 
to represent the yields of nuclei that recoiled from the 
target within an angle of 34" with respect to  the beam. 
Calculated values in units of the product of cross 
section and recoil range are shown on the right side of 
Fig. 2.4; again the values have been normalized to the 
peak of the @,5n) data. 'l'he high-energy tailing 
previously obtained in the calculations has clearly 
diminished. And the @,p4n) and ( p , p 5 n )  calculated 
curves, although smaller than the experimental values 
by factors of -2 and -4, respectively, are correctly 
predicted to have significant yields above 45 MeV. 
Conversely, the poor agreement between calculated and 
experimental (pp3rr)  curves is made even worse by 
including corrections due to recoil effects. 

In summary, we note that the large yields of (p ,pxn) 
reactions observed in the interactions of protons (<85 
MeV) with 2 3 2 T h  and 2311'a can be understood in 
terms of a nuclear model that considers (1) that the 
reaction proceeds via an intranuclear cascade and 
(2) that fission competes with neutron and charged- 
particle emission during the compound-nucleus phase of 
the deexcitation process. Inclusion of range and 
angular-distribution effects allows us to  consider experi- 
ments in which collimated recoil nuclei are detected. 

Th  + p case, appear t o  be excessive here. 

__ 

1. Electronuclear Division. 
2. Electronuclear Division; present address, Argonne National 

Laboratory, Argonne, 111. 
3. R. L. Hahn. K. S. Toth, and M. F. Roche, (-'herd. Div. 

Annu. Progr. Rep. M a y  20, 1970,ORNL-4581, p. 28. 
4. R. L. Hahn and 0. W. Hermann, "Inclusion of Charged- 

Particle Emission and Fission in Nuclear Reaction Calculations." 
the preceding contribution, this report. 

5 .  M. Lefort, G. N. Simonoff, and X. Tarrago, NIJCI. Phys. 2 5 ,  
216 (1961); C. Brun and G. N. Simonoff,J. Phys. (Paris) 23, 12 
( 196 2). 

6. H. Gauvin, M. Lefort, and X. Tarrago, Nucl. Phys. 39,447 
(1962). 

We are using inelastically scattered alpha particles in a 
systematic Coulomb-excitation program t o  study the 
pioperties of states and the nuclear deformation of 
even-even transuranium nuclei. These studies are per- 
formed using 17- to  18-MeV He ions accelerated in the 
Oak Ridge EN tandem accelerator. Inelastically scat- 
tered alpha particles from suitable targets are detected 
on the focal plane of an Enge split-pole spectrograph 
using a 20-cm-long position-sensitive proportional 
counter of the type designed by  Borkowski and 
K ~ p p . * , ~  The position resolution of this detector is 
-0.7 mm, corresponding to an energy resolution of 9 
keV FWHM for 15-MeV alphas. 

Isotopically pure targets are directly prepared using 
the 150-cm isotope separator in the Transuranium 
Research Laboratory. 'The appropriate singly charged 
ion beam in the separator is retarded to an energy of 4 
keV and refocused to  yield a target spot 0.06 cm wide 
by 1 cm long. This target approximates the correct 
source dimensions of the Enge analyzing magnet under 
the conditions of our experiments. Targets are usually 
collected on thin Ni foil and contain a total of -1 /ig of 
material (20 pg/cni2). 

To  date we have excited the first 2' and 4' states of a 
number of even-even transuranium nuclei using this 
method. A typical spectrum is shown in Fig. 2.5 for 
incident 18-MeV alpha particles scattered from U at 
a laboratoty angle of 150". 

The measurement of a transition probability involves 
the determination of the ratio of an inelastic scattering 
peak to  the elastic peak, which may be performed with 
great precision using our high-resolution data; ex- 
tremely accurate transition probabilities may be deter- 
mined as a result. Transition probabilities were deter- 
mined with the aid of the Winther -de Boer computer 
program assuming the excitation probabilities of the 2' 
and 4' states obey the rotational prediction. Our B(E2) 
value for the excitation of the 2' state in U ,  (1 1.65 
2 0.06) e2 b2 , is one of the most accurate R(B2) values 
known. 

Our preliminary results for the 2' excitation in 2 3 4 U ,  
2 3 6 U ,  238Pu,  24"Pu,  242Pu,  244Pu.  and 246Cm, 
determined using 17.00-MeV alphas scattered at 1 SO", 
are given in Table 2.1. 
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Pig. 2.5. Inelastically scattered alpha-p;lrticle spectrum at a laboratory angle of 150° for 18-MeV alphas incident on 23aU. 

. ~ ........ 18 MeV ..... 

'Table 2.1. Transition probabilities for the excitation 
of the 2g" states of even-even bansuranium nuclides 

10.45 2 0.26 

11.75 t 0 . 2 3  

11.65 k 0.06 

12.55 k 0.25 

12.55 f. 0.22 

13.37 ? 0.24 

13.81 ctr 0.30 

15.20 t. 0.45 

The R(E2) values cat1 be related to the intrinsic 
quadrupole moment Qo of the ground state of these 
nuclei using the relation 

The intrinsic quadiupole moments in turn may be 
interpreted directly in ternx of the nuclear deforma- 
tion. We have combined the results of our work with 
the published data of other workers in Fig. 2.6, which 
shows the intrinsic quadrupole moments as a function 
of A. 'The increase in nuclear deformation from A = 220 
to  250 as determined by the magnitude of go  is 
striking. Our experiments are being extended to include 
the higher transuranics 244C'm, 248Ctn, '"Cf, and 
' ' 'Cf, as well as to provide mole accurate data below 
uranium by inclusion of ' ' Ra, Ka, * Th, Th, 
232Th,and232U.  

1. Physics Division. 
2. C .  S. Borkowski and M. IC. Koyp, Rev. Sci. Instrum. 39, 

3.  C. J. Korkowski and M. K. Kopp, IEEE 7kuns. Nucl. Sci. 
1515 (1968). 

NS17(3), 340 (1970). 
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PROPERTIES OF GROUND-STATE ROTA'TlONAL 
BANDS QF HEAVY EVEN-EVEN NUCLEf 

isotopically-enriched sources (39 .99% by mass) of the 
parent activity to avoid interferences from other radio- 
activities in the measurements. For all cases studied the 
2' + 0' gamma-ray energy could be determined to an 

C. E. Bemis. Jr. M. J. Lender' M. R. Schmorak' 

The use of small ultrahigh-resolution Ge(Li) detectors 
has enabled us to measure the weak gamma rays 
following the alpha decay of even-even nuclei in the 
transuranium element region. For the cases investigated, 
it has been possible to observe directly the E2 deexcita- 
tion gamma rays in the daughter ground-state rotational 
bands up to spin 8' in 6 U .  Alpha-decay 
branching to  these states ( I  :: 8) is typically of the order 
of 1 part in lo7 alpha decays. We have used high- 

3 4  U and 

accuracy of -10 eV and the 4' + ?-+ and higher-order 
transitions to similar accuracies. The determination of 
alpha-branching ratios to states in the ground-state 
bands was accomplished by measuring the absolute 
gamma-ray intensities from sources whose absolute 
disintegration rate was measured by alpha counting in a 
calibrated low-geometry alpha chamber or by normali- 
zation of relative gamma-ray intensities to previously 
determined alpha branching to the 2' states. Our results 

Table 2.2. Alpha branches t o  ground-state rotational bands 
__ 

J" 
I* inal 

nucleus 
Alpha hindrance 

factorb 

2 3 8 ~  

240Pu 

232Th 2+ 
4 :- 

2 3 4 ~  2+ 
4+ 

6' 

8f 

236" 2+ 

4+ 

6' 

8+ 

2' 
4+ 

6' 

2f 
4+ 

6' 

8' 

(26) 
0.15 + 0.02 

(28.4) 

0.091 +_ 0.005 

0.0024 5 0.0002 

(1.2 k0.2) x 

(24) 

0.096 0.005 

0.0012 + 0.0003 

(2.9 * 0.4) X lo-.' 

(21.1) 

0.090 f 0.009 

0.0012 f 0.0004 

(23.6) 

0.027 -? 0.003 

0.0036 i 0.0004 

26 

0.26 

28.4 

0.11 

0.00s 

8.6 X 

24 

0.09 1 

0.002 

21.1 

23.6 

0.02 

0.0034 

= 4 x  1 0 - ~  

1.19 

27.3 

1.4 

117 

540 

5700 

1.65 

90 

610 

8000 

1.9 

83 

440 

1.91 

440 

500 

337 

6.9 

146 

13.7 

2.17 

0.738 

612 

11.2 

1.78 

0.60 

635 

11.6 

1.85 

932 

17.1 

2.5 1 

~~ ~ 

'From a recent compilation of M. Schmorak and Y .  A .  Ellis,Nuclear Data Sheets, B4-6-1970. 

b'rhe hindrance factors were calculated from our experimental alpha branches using the technique described in the introduction 
to  Nuclear Dnta Sheets, B5-3-1971 

CThe total internal conversion coefficients used for deriving the alpha branching from the gamma intensities are calculated from 
the tablcs of L.  A. Sliv and I .  hl. Band, in Alpha-, Beta-. and Garnmn-Ray Spectroscopy, K .  Siegbahn. ed., vol. 2, p. 1639. 
North-Ilolland, Amsterdam. 1965. 

Table 2.3. Gamma-ray enersies (in cV) for transitions within the ground-state bands of heavy even-even nuclei 
~ ~~ ~ 

2 3 4 u  2 3 6 ~  2 3 S U  240Pu 
..... ._ ........ 

Transition 232Th 
___.... ......__I 

2' -+of 49,369 2 9 43,491 f 9 45,242 L 6 44,915 5 13 42,824 5 8 

4f --> 2f 112,750 -? 15 99,850 f 10 104,233 f 5 103,499 2 35 98.860 f 13 

6+ -->4+ 152,719 -k 19 160,310 f 8 158,800 80 152,630 T? 20 

8+ --f 6 ' 201,OOOf-60 212,400 f 100 
..... . _ _ _ . . . _ _ _ . ~  ... .... ....l__ll. 
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'Table 2.4. Comparison of experimental level energies with predictions of the rotational model (BM) 
and the variable moment of inertia @';MI) model 

Lxpenmental Lea5t q u a r e s  adju\ted 

J" F (keV) tAE(eV) E (calc), VMI E (cafr), BM 
(keV) WV) 

2' 49.369 

4 '  162.119 

6 '  333.7 

8' 556.9 

to+ 827.8 

12' 1138.5 

14' 

2' 45.242 

4f 145.475 

6' 309.785 

8' 522.185 

lo+  

12f 

14' 

2 '  42.824 

4A 141.684 

6.' 254.314 

8' 500 

10' 

12+ 

14+ 

z 3 2Th 

5 49.385 

1 R  162.096 

550 333.16 

700 556.81 

1000 827.56 

1000 1140.61 

1491.87 

U2 = 2.6 

go = 0.0603 

c = 0.933 

236" 

6 45 250 

8 14Y 471 

1 3  309 775 

100 572 42  

783.42 

1088 94 

1435.46 

U 2 - 3 Y  

go = 0 0660 

C =  1 265 

2"OPU 

8 42  822 

15 141 688 

25 294.112 

3000 497 65 

748 34 

1043 03  

1378 55  

u2 = 0 38 
go = 0 0698 

C =  1 1 2 5  

49.239 

162.286 

333.72 

559.6 

827.4 

1126.2 

0' = 98 

A = U 2 4 6  

B = 6.58 

45.215 

149.479 

309.816 

521.55 

u2 = 33 

A = 7.562 

l3 .= -4.42 

42.811 

141.707 

294.302 

497 

U 2  = 2.3 

A = 7.156 

B = --3.55 

Expe rirnen tal  Least square7 adjusted - 
J' E' (keV) tAE'(eVJ 6' (calc). VMI E (calc), HM 

(keV) (keV) 

2f 

4'- 

8+ 

IO' 

12' 

14' 

6' 

2+ 

4 '  

6' 
x+ 

I Of 
12 

14' 

43.491 

143.341 

296.060 

497.077 

44.915 

148.414 

307.214 

518.3 

176.6 

1077 8 

141 6.8 

2 3 4 u  

9 43 513 

14 143 744 

24 295 989 

40  497 147 

742 46 

1027 92 

1350 00 

u Z = 9 0  

go = 0 0686 

C - 0 8 5 1  

2381:  

12 44 930 

37 148 353 
87 307 272 

550 517.85 

800 776 05 

1000 1077 97 

2500 1420 11 

u * = 1 5  

go = 0 0665 

C -  1 179 

43.423 

143 318 

296.269 

496.904 

u2 = 77.1 

A - 7 2 6 8  

B = 5.08 

44 835 

148 361 

307 96 

519.52 

I17  44 

1074.62 

1402 4 

u2 = 19 5 

it - 7.496 

5 -  - 3 8 9  

Notes: EBM = n J ( J + 1 ) + I ~ J 2 ( J + I ~ L , A  in keV,B ineV 
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for the alpha branching to  the ground-state bands in 
232Th,  2 3 4 U ,  2 3 6 U ,  238U,and240Puaresummar ized  
in Table 2.2. Gamma-ray abundances were corrected for 
internal conversion to yield total transition intensities 
and hence the alpha-decay branching. 

Using our accurately measured gamma-ray transition 
energies as listed in Table 2.3, we have compared the 
energies of the states in the ground-state bands with 
predictions of the second-order rotational model pre- 
scription o f  Bohr-Mottelson3 (BM) and with the vaxi- 
able moment of inertia prescription (VMI) of Mari- 
scotti, Scharff-Goldhaher, and Buck! We have used 
least-squares fitting techniques to obtain the best fits to  
the experimental data. Since both prescriptions contain 
two adjustable parameters, the goodness of fit should 
provide which of the models is better. We have 
combined our results with the Coulomb excitation 
results of Stephens. Diamond. and Perlrnan' for * Th 
and 2 3 8 U  to provide data on higher spin members 
of the ground-state bands for these cases. The com- 
parison o f  the experimental level energies with the 
predictions of the BM and VMI models is given in Table 
2.4. The values for 0 2 ,  which is a criterion for the 
goodness of fit, dramatically favor the VMI prediction. 
Our results are being prepared for publication. 

1 .  Oak Ridge .4ssociatcd Universities Research Participant 

2.  Nuclear Data Project. 
from Fresno State College, Fresno, Calif., siirniner 1969. 

102.7 
4+ct 2+ 

. 

.. 

3 .  A. Bohr and B. hlottelson, At. Energ. 14, 41 (1961). 
4.  hl. A. J .  Mariscotti, G .  ScharffColdhaber, and B .  Buck, 

5 .  12. S. Stephens, Jr., R. M .  Diamond, and 1. Perlman. Phys. 
Phys. Rev. 178, 1864 (1969). 

Rev. Lett. 3, 43.5 (1953). 

MULTIPLE COULOMB EXCITATION OF HEAVY 
ELEMEN'TS WI'TH ORlC HEAYY-ION BEAMS' 

E. Eichler R. O. Sayer? 
N.  K. Johnson 
C. E. Rernis, Jr. 

D. C. I-Iensley" 
M. R. Schrnorak4 

The Coulomb excitation program initiated last year at 
the Oak Ridge Isochronous Cyclotron to investigate 
collective properties of nuclei in the little-explored 
actinide region has horne fruit this year. Beams of 
80-MeV I 6 O  ions, 100-MeV 2oNe ions, and 145-MeV 
40Ar ions from the new ORIC heavy-ion sources were 
used to  populate levels up to the 12' state in the 
ground-state rotational bands of  a U and 2 4  1'11. 

Previously, only the first excited state of 242Pu was 
known. 

Large-volume GelLi) detectors were used to  observe 
the deexcitation gamma rays in singles and in coinci- 
dence with heavy ions backscattered into an annular Si 
surface barrier counter. A high-resolution Ge(Li) x-iay 
detector was also used to study the lower-energy 
transitions. 

ORNL- DWG. 71 -43698 
1----r- 7-7 
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Pig. 2.7. Gamma spectrum Thorn states in 242Pu Couiamb excited by 145-MeV 40Ar. 
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Tasgeiry presents special problem with the heavy 
elements. There are ten nuclides in this region with t ,2 

=> 5000 years and thus suitable for Coulomb excitation. 
However, only the thorium and uranium isotopes are 
now available in sufficient quantities for preparation of 
nietallic self-supporting targets. One achievement of the 
year was our successful use of a 400-pg/cm2 242Pu02 
target deposited on a 0.1-mg/cm2 Ni backing. This kind 
of target can be studied only by the heavy-ion-back- 
scatter-coincidence method. 

Our primary goal is to measure ground-state rota- 
tional band energies and transition rates for all available 
heavy element targets. Very accurate energies were 
obtained for the 4 -+ 2 and 6 --r 4 transitions in 2 3 8 U  
and Th with the high-resolution x-ray detector in 
the singles mode. Energies for levels up to  the 12' state 
in 2 3 8 U  and 242Pu were measured with the large 
Ge(Li) detectors in I6O-gamma experiments. In Fig. 

2.7 is shown a spectrum of gamma rays in coincidence 
with 145-MeV 40Ar ions backscattered from A 242Pu 
target. 

Table 2.5 presents the ground-band energies for 
232Th, 2 3 8 7 J ,  and 2 4 2 P u  determined from our best 
data and those of refs. 4 and 8. The experimental 
energies are compared with energies predicted by a 
two-parameter version of the Bohr-Mottelson' h m u l a  
and with those predicted by the variable moment of 
inertia (VMI) model of Mariscotti, Scharff-Goldhaber. 
and Buck," also a two-parameter fit. All energy levels 
were used in the least-squares fit. The VMI predictions 
agree extremely well with experiment: usually better 
than 100 eV. Only with 2 4 2  Pu does the BM approach 
give comparable - though stlll inferior - accuracy. 

The singles spectra from '''Ne Coulomb excitation of 
2 3 8 U  revealed 13 states in the octtipole. 13, and y 
vibrdtional 

Table 2.5. Ground-state rotational levels in 232Th, 23KU,  and 242Pu 

2f 

4f 

6' 
8+ 
1 0+ 

12+ 

2+ 
4+ 
6i  

8+ 

10' 
12' 

14' 

2f 

44 

6' 
8+ 

10 + 

12+ 

49.37 k 0.01' 

162.12 50.02' 

333 12 ? 0.06 

556.9 -t 0 . 6 ~  

827.2 % 0.7b 

1137 '3 k 1.2' 

44.92 t 0 01' 

148.29 .? 0.05 

307 .13?007 

517.54 ? 0  12 

775.33 50 16 

1074 8 f. 0.6 

1414.0 5? 2.0h 

44 so ? 0.06 

147.25 k.O.12 

305.95 ? 0 16 

517.67 k 0  19 

778.8 k 0.6 

1086.8 ? 2.0 

232Th 

49.39 

162.09 

333 12 

556 70 

827 33 

11 40.19 

2 3 S U  

44 93  

148.31 

307.10 

517 42  

775.17 

1076.45 

1417.71 

242Pu 

44.49 

147.24 

305 99 

517.66 

778.87 

1086.1'3 

0.02 

~~ 0.03 

0.00 

- -  0.2 

0.1 

2.3 

0.01 

0.02 

- 0.03 

--0.12 

---O.I6 

1 .G 
3.7 

-0.01 

-- 0.0J 
0.04 

-0.0 I 
0.07 

- 4 6  

49.24 

162.29 

333.72 

559.6 

827.4 

I 126.2 

44.85 

148.30 

307.48 

5 17 90 
773.13 

1066.3 

1387.0 

44.39 

147.12 

306.1 2 

5 18.19 

778.92 

1082.8 

0 13 

0 17 

0.60 

2 70 

0.20 

11 7 

-0 07 

0 0 1  

0 3s 

0.36 

-1.9 

-8 s 
27 0 

0 1 1  

-0 .13 

0 1 7  

0.52 

0 12 

4 . U  

'Rrference 6. 

f'Referenr;e 8 
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CHARGED PARTICLES FRQM HIGH-ENERGY 
OXYGEN-ION-INDUCED REACTIONS1 

J.  0, [killz 
C. E. Bemis, Jr. 
J. L. C. Ford, Jr.3 

R. L. Hahn 
R. I,. Robinson3 
K. S. Toth' 

Although heavy ions promise a number of unique 
advantages for nuclear physics, heavy-ion reactions are 
still relatively unexplored, particularly at higher 
energies. The reaction mechanisms involved, the de- 
pendence of the emitted masses on the energy and 
masses of the colliding nuclei, and the character of the 
states excited are largely open questions. The present 
report concerns measurements with the high-energy 
oxygen beam of the Oak Ridge Isochronous Cyclotron 
in a study of the above problems. 

In the initial experiments, a 140-MeV 6 O  beam was 
used to bombard targets of 46Ti,  '16Cd, and 2 3 8 U .  
Reaction products were detected a t  laboratory angles of 
20, 25, 35,  and 45". The emitted masses were identified 
by a dE/dx X B counter telescope consisting of 26- and 
300-1-deep semiconductor detectors. Measurements 
were made with and without a biased amplifier follow- 
ing the E detector amplifier. The data were accumu- 
lated in a 50 X 400 channel LIE X E matrix in the 
memory of the 20,000-channel Victoreen analyzer. A 
photograph of the cathode ray tube display appears in 
Fig. 2.8, showing the data from the l 6 O  + z 3 8 U  
reaction at an angle of 25'. The groups correspond to  
the isotopes of He, Li, He or B, C, N, 0, F, and Ne as 

one moves along the y or Ah axis. However, the 
resolution of the system was not adequate to  separate 
different isotopes of a given atomic number. Evidently, 
the nuclear system formed at these energies can 
fragment into many different nuclear species. The 
heaviest emitted mass observed in such spectra de- 
creased as the target mass decreased. Thus, while Na 
was observed in the l 6 O  + 2 3 8 U  data, Ne was the 
heaviest mass identified in the ' ' 6Cd irradiation. 

The energy spectra accumulated at a laboratory angle 
(e,) of 20" for the C, N, 0, and F isotopes emitted 
from the l 1  6Cd target are shown in Fig. 2.9. The 
energy resolution was about 750 keV and is apparently 
largely due to the target thickness of 200 yg/cm2 2nd 
the entrance aperture of the detector. Despite the poor 
statistic$, peaks were observed in the oxygen and 
nitrogen spectra at all 0, except 45". 'The highest- 
energy peak in the nitrogen spectrum occurs at an 
eneigy corresponding to the ground-state group from 
the l 1  6Cd(1 60,1 'N) reaction. The strongest peak 
observed in the oxygen spectrum after that due to 
elastic scattering may be attributed to the ( I  0,' 70) 
reaction. However, these peaks may also he due to  
excitation of high-lying states in other reaction chan- 
nels, and further work must be done to  determinc their 
origin. 

Fig. 2.8. Milltiparameter-analyzer CRT display of AE x E 
data from the l60 f 2 3 8 U  reaction at an angle of 25". The loci 
correspond to  the iqotopes of He, Li, Be or B, C, N, 0, F, and 
Ne as one moves along t h e y  or AE axis. 
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Fig. 2.9. Energy spectra of C ,  N, 0, and F products I'rom the 
'''0 + I "Cd reaction a t  140 MeV. 

No discernible structure appeared in the carbon anti 
fluoiine data which was reproducible from angle to 
angle except for the peak at the high-energy end of the 
fluorine spectrum. The arrows in Fig. 2.9 indicate the 
energies at which the ground-state groups from the 
( I 6 0 , l 2 C )  and ("0,' 7F) reactions are expected. The 
peak in the fluorine spectrum occurs about 1.4 MeV 
below the ground-state group. Sinular peaks have been 
observed in other (' '0,F) reactions at comparable 
energies and were attributed to a grazing-reaction 
mechanism rather than compound-nucleus forniation? 

The f' 60,1 'C) reaction is a particularly interesting 
one, as it can proceed by an alpha-particle transfer. The 
absence of any structure in this reaction near the 
ground state accompanied by a large yield correspond- 
ing to highly excited states has been reported in other 
(' 60,1 'C) work.' 

Tbr relative cross sections for  the Li, Be or B,  C ,  N ,  
0, and F isotopes emit ted from the * 6Cd target and 

detected at an angle of 2 5 O  are shown in Fig. 2.10. Note 
that the oxygen value does not include the contribution 
of the elastic peak. The angular distributions for 0, N, 
and C from the 'Cd target appear in Fig. 2.1 I .  The 
absolute cross-section scale for C and N was established 
by normalizing the "0 elastic-peak data to the 
calculated Rutherford scattering cross section. Of in- 
terest is the fact that the data do not display any 
structure but rather decrease exponentially with in- 
creasing angle: an order of magnitude decrease in 10 to 
15". This feature of heavy-ion reactions has been noted 
in other types of reactions and limits the nuclear 
structure information which can be obtained from such 
angular distributions.6>7 The elastic scattering i s  ex- 
pected to decrease exponentially beyond about 30° as 
Fresnel diffraction effects begin to dominate the cross 
section.8 

This survey of heavy-ion transfer reactions is being 
expanded to include additional heavy targets, such as 
'06Pb, 207Pb, and ' O ' R i .  More complete angular 
distributions than presented here will be chtained, as 
will excitation functions. Other projectile ions available 
at OIUC, such as l * C ,  14N, and '"Ne, will also be 
employed. Finally, use of the broad-lange mass spectro- 
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Fig. 2.10. Relative cross sections at an angle of 25" for tlir 
eniission of Li, Be o r  H, C, N, 0 (excluding elastlc scattering), 
and F from the '"Cd target.  
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Fig. 2.11. Angular distribution of C, N, and elastically 
scattered 0 from the 16Cd target. The ordinate scale refers to 
the C and N data; for the elastic peak, the values are given 
relative to the cross sections for Rutherford scattering. 

graph with position-sensitive detectors should markedly 
improve mass and energy resolution and should simplify 
the interpretation of these interesting reactions. 

1 .  Prior reports on this work have appeared in Electronucl. 
Diu. Annu, Progr. Rep.  Dac. 31, 1970, QRNL-4649. p. 61, and 
Phys. Div. Annu. Progr. Rep. Dec. 31, 1970, ORNL-4659, p. 
49. 
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S'I'LJDIES OF (H.I., axn) REAC"L'I0NS' 

K. E. Hahn 
P.  I;. Dittner 

K. S. Toth2 
0. L. Keller 

P. J. Elamnions 

The cross sections of (H.l.,xn) reactions of actinide 
elements characteristically are small, from microbarns 
to nanobarns, because of the strong competition be- 
tween fission and nucleon emission. However, it has 
been observed at Berkeley3 and at Dubna4 that, in 
some instances, heavy-ion reactions involving charged- 
particle emission, specifically (H.I.,axn), have yields 
that are much larger than those of the corresponding 
(H.I. ,xn) reactions. (We must note here that the 
terininology "axn" does not necessarily mean that 
alpha particles are always emitted in the reaction. 
Eecause only the radioactive products have been ob- 
served, i t  is also possible that particles such as  311e or 
'lle, or perhaps two protons, are emitted.) Because of 
the possible significance of such reactions for the 
production of very heavy new isotopes and for the 
elucidation of the mechanisms of heavy-ion reactions 
with heavy elements, we have begun a program to study 
(W .I I ,axn) reactions. 

To date, we have measured excitation functions by 
the gas-jet technique' for the following reactions that 
all lead to  2 4 5 C f  and 244Cf .  . 2 3 8  U("C, 5n and 6n), 
23yPu(12C,  a2n and a3n), 2 3 s U ( 1 6 0 ,  (r2n anda3n),  
2 3 7 N p ( 1 4 N ,  oi2n and (r3n) ,  and, to  some extent, 
2 3 3 U ( 1 8 0 ,  a2n and a3n). 'l'he data for the (H.I.,axn) 
reactions indicate that a('*C) > ~ ( ' ~ 0 )  > 0( I4N) .  
This trend is interpreted as evidence for the dependence 
of the cross section upon the nature of the fragment 
that is transferred into the nucleus. 

In addition to the relative measurements made with 
the gas-jet system, absolute cross-section values for the 
238U(12C,xn)  and 2 3 y P ~ ( 1 2 C , a ~ r i )  reactions were 
determined in experiments in which thick targets were 
irradiated and the resultant Cf activities chemically 
purified for alpha-particle counting. The excitation 
functions for the 238U .t l 2 C  reactions were found to 
be similar to  data presented by Sikkeland et a1.6 and to  
be consistent with expectations based on the com- 
pound-nucleus 

The results of a preliminary analysis of the 39Pu + 
"C data are presented in Fig. 2.12. We note that the 
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Fig. 2.12. Experimental and calculated excitation functions 
Pu(L2CC,ocxn) reactions leading to 245CF and 244Cf, and for 2 3 9  

calculated excitalion functions for the ' 39Pu(1 2C,urt)243Fn1, 
" ' ~ m  reactions. 

2"1~uu('zC,cuxtz) peak cross sections are -10 pb. 
Experiments carried out with the gas-jet system to  
measure the cross sections of Fni nuclides from the 

'9Pu(izC,xrz) reaction did not yield any activities 
ascribable to Fm isotopes. From the upper limiis on Fm 
production derived from these experiments. we con- 
clude that the yields of the (12C,cvxn) reactions on 
' Pu are -50 to  300 tinies larger than the correspond- 

ing (' ' ~ , x n )  ieactions. 
Calculated curves for the (l ' C p z )  and C' 2C,cux~z) 

reactions on 239Pu .ire d so  shown 111 Fig. 2.12. The 
dotted curves for 248k+m and 247Fm are based on the 
compound-nucleus model, including the effects of 
competition between neutron evaporation and f i s ~ i o n . ~  
Wiile not as low as our estimated upper liinit values. 
the calculated peak cross sections for the Fm nuclides 
ate -1 fib, an order o f  magnitude smaller than the 
experimental Cf yields. This observation i s  important 
because the probability of charged-particle emission 
fiorrr heavy compound nuclei is small due to the large 

Coulomb barriers involved, the model predicts 
n(fI.l.,xn) % u(HJ.,axn). Thus, the relatively large 
measured (l 'C,axn) cross sections must be ascribed to 
non-coinpo~ind-nucleu~ processes. 

In an initial attempt to treat (H.l.,axn) reactions on 
heavy nuclei, Sikkeland' hds constructed a model 
contarning the following salient points 

1 .  compound-nucleus formation from target + projec- 
tile occuis only for those angular-momentum com- 
ponents of the projectile that are below a cutoff 
value lc , 

2. graLing collisions occur above 1,; 

3. in a graLing encountel, part of  the incoming heavy 
ion can be transteried to the target nucleus, leaving 
an alpha particle behind as one of the producis of 
the reaction (e.2 , if "C is the projectile, 'Be 
transfers to the target), 

4. the nucleus so formed by the transfer IS tleated as a 
compound nucleus, with neutron emision dnd 

fission as its inam modes of decay. 

'The results of a calculation with this model for the 
9K1(' C p x n )  reaction are shown as the dashed 

curves in  Fig. 2.12. We see that the calculation 
approximately reproduces the magnitudes of the oh- 
served (' 'C,cyxy1) cross sections and indeed predicts 
much larger cross sections than for the corresponding 
(' 2c,xnj reactions. 

To learn inore ahout the mechanisms of these 
reactions, we have recently begun to investigate their 
characteristics in greater detail. lnitial experiments 
involved measuring the recoil-range distributions of 
2 4 5 C f  produced inZ3XU("2C,5~~)and'~"'Pu~12C,(u7 in ) 
reactions at 67 MeV. Slacks of thin carbon foils. each 
20 or 40 fig/cin', were placed directly liehind the 
targets to collect the C f  recoils. The data from these 
early measurements, which satnpled the angulax interval 
h m  0 to IO" with respect to the 1 2 C  beam, are shown 
i n  Fig. 2.13. The relative alpha activity due to  2 4 5 C F  
observed in each catcher foil is plotted vs total catcher 
thickness. Since recoil range is a function of recoil 
energy, these data reflect the kinetic energy distribu- 
tions of the recoiling nuclei and so yield information 
about the reaction niechanis~ns involved. 

For example, the range distribution for the 
sU(12C,Sn) reaction is observed to  be approximately 

syinme trical, with an average value of -1 SO pg/ cni' . 
Now, if the interaction o f 2  3 8  U with ;I 67-MeV 2 C  ion 
forms a compound nucleus, its range in carbon is 
expected to  be 145 pg/crn2. &ut, because o f  small 
contributions to  the motion of  the recoiling nucleus 
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from the neuti-ons, which are emitted symmetrically 
about 90" in the center-of-mass system, with a Maxwel- 
lian energy distribution, the final recoiling nucleus will 
be characterized by- a symmetric distribution of ranges 
centered about an average value 2145 yglcm'. This 
desciiption clearly fits our data; we conclude that the 

'U(' ' C , 5 n )  reaction proceeds via compound-nucleus 
formation and decay. 

The range distribution for the 9Pu(1 C,ot2n) reac- 
tion, also given in Fig. 2.1 3,  is striking because it differs 
from that for the 2 3 8 U  t 1 2 C  case. 'The average range 
for 239Pu  -k "C is 2160 pg/cm2, and there is a 
pronounced skewness in the distribution at large ranges, 
whereas no activity was observed above 240 pg/crn2 in 
the iuraniurn experiment. 

These qualitative differences between the range distri- 
butions shown in Fig. 2.13 indicate that qome other 
mechanism besides (or in addition to) compound- 
nucleus formation is operative in the (' 'C,QXIZ) reac- 
tion. More data for this reaction are clearly needed. 
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RECOIL R A N G E S  OF 
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Fig. 2.1 3. Recoil range distributions measured a t  an angle of 
0" for 24sCf  produced in the 238U( '2C,5n)  and 
2 3 9 ~ u ( 1  ' ~ , a 2 n )  reactions. 

Accordingly, in future experiments we shall determine 
the angular distribution of the 2 4 s C f  recoils as well a? 
measure the range distributions at angles other than 0" 
and at energies >67 MeV. 

1. A preliminary account of this work appeared in Elecrro- 
nucl. Diu. ilnnu. PTO~Y.  Rep. Dee. 31, 1970, ORNL-4649. p. 69. 

2. Electronuclear Division. 
3. P. Eskola et al,, Phys. Rev. C 2, 1058 (1970). 
4. 1. Zvara. private communication. 
5. R. L. Hahn et al,, Chem Div. Annu. Prog~.  Rep. May 20, 

6.  T. Sikkeland, J. Maly, and D. F. Lcbeck. Phys. Rev. 169. 

7. T. Sikkeland, A. Ghiorso, and M. J. Nurmia, Phys. Rev. 

8. '1'. Sikkeland, private communication. 

1569. ORNL-4437, p. 37. 

1000 (1968). 

172, 1232 (1968). 

DETERMINATION OF THE HALF-LIVES OF ' Cm 
AND 8Cni BY ABSOLUTE SPECIFIC 

ACTIVITY TECHNIQUES 

C. E. Bemis, Jr. 
J. E. McCracken' 

J. R.  Stokely' 
R. D. Raybarz3 

R. E. Eby2 

We have measured the partial alpha half-lives for 
Cm and ' ' Cm and the partial spontaneous-fission 

half-life for ' 'Cm using an absolute specific-activity 
technique. The absolute quantities of curium were 
determined microchemically (-0.5 pmole) using a 
complexonietric titration with ethylenediaminetetra- 
acetic acid (EDTA) and determining the excess EDTA 
added to the curium samples coulometrically. 'The 
chemical determinations were combined with isotopic 
abundances determined mass spectrometrically, ab- 
solute alpha-activity measurements, and alpha-spectral 
measurements to determine the partial alpha half-lives 
for 2 4 6 C ~ n  and 248Cm and the partial spontaneous- 
fission half-life for 2 4 8 C m .  Our results are reported in 
Table 2.6. 

This work is reported in more detail elsewhere.' 

1. Graduate student assignee t o  Analytical Chemistry Divi- 

2. Analytical Chemistry Division. 
3 .  Chemical 'Technology Division. 
4. D. N. Metta, H. Diamond. and F. R. Kelly, J. fnorg. Nuel. 

Chem. 31, 1245 (1969). 
5. J. E. MLCracken, J. R. Stokely, R. D. Baybarz, C. E.  

Bemis, Jr.,  and R. Eby. accepted for publication in J. fnorg. 
Nucl. Chem 

sion. 
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Table 2.6. Results of absolute half-life measurements for 2 " 6 C ~  and 24RCm 

Is0 tope Measured quantity Value 

2 4 6 ~ ~  Parti:il alpha til2 4655 .t 40 years 

(1.80 + o . o ~ )  x lo7 years' 

4654 ? 40 ycars 

Partial SF t i l 2  

Total t i p  

Part,ial alplxt t l  12 

Partial SP I p 

Total 

(3.703 t 0.032) X 1 O5 years 

(4.1 15 k 0.034) X lo6 years 

(3.397 ? 0.032) X 10' years 

24 SCm 

AlphalSF ratio 1 1 . 1 1  *0.04 

nCn1/24 "Cm Partial alpha t 112 ratio 79.55 rt. 0.29 

'Values reported by Metta, Diamond, and Kelly (ref. 4). 

THE THERMAL CROSS SECTIONS 
AND RESONANCE INTEGRALS FOR NEUTRON 

CAPTLJREOF249Cf,L5"Cf,AND '"Cf 

J.  IIalperin 
R. E. Druschel 

C .  E. Bemis, Jr. 
R. E. Eby' 

The nuclides 2 4 9 C f ,  ""Cf, and 2 5 1 C f  are important 
intermediates in high-flux reactors producing ' Cf. 
The neution cross sections for these nuclides bear on 
the evaluation of a thermal-neutron reactor spectrum VF 

an intermediate-energy reactor spectrum for the pro- 
duLtion o f  ' ' 2C'f, as well as on nuclear systeniatics for 
these heavy nuclides. By irradiating pure samples of 
24't2f and 2 5 0 C f  with neutions under controlled and 
carefully monitored conditions and by precision mass 
spectrometric deterniina~ions o f  isotopic ratios, we have 
rneasuied both the thermal-neutron capture cross sec- 
tions and the capture resonance integrals of 
2 4 Y ~ z s o , z 5 1 C f .  Although no1 a primary goal of the 
experiment, the data are sufficiently precise to  allow 
estimating the absorption cross section of G f  ds 

well. The nuclide sequence is shown m Eq. (1). 

Experimental 

Samples of isotopically enriched californium of - 100 
ng were deposited in fused silica capsules. In each 
irradiation a set of three such capsules was arranged 
linearly within an aluminum container, and each end 
capsule was encased in a cadmium neutron filter. 'The 
cadmium filters were 1- by 1-cm cylirtders of 0.040 in.  

wall thickness. A neutron flux monitor was placed at 
each end of each silica capsule. The monitors used in 
these irradiations consisted of dilute alloys (0.15 1%) of 
cobalt in aluminum. 'The samples were irradiated 
continuously at constant power in a hydraulic tube 
facility of the ORR at a thermal flux o f  -2 X l O I 4  

neutrons cm-' sec-' and an epitherrtial flux per unit 
In E of  - 2 x 10' neutrons cin--2 sec-' . The irradia- 
tion data are summarized in Table 2.7. The neutron 
fluxes were evaluated from measurements of the 1.33- 
MeV gariirna rays of  the 5.26-year " G o  using an NaI 
detector and calculated on the basis of u 2 2 0 0  = 37.0 b 
and I = 75 h. 

Mass spectrometric analyses of both the irradiated 
and tlie original californium samples were carried out. 
The californium was electrodeposited on platinum wires 
and placed inio rhenium canoe-type filaments in the 
specirometer source. Resistive heating of tlie rheiiiuni 
filament produced thermal ionization of  the califor- 
nium, which was analyzed in the two-stage mass 
spectrometer. Typically IO-ng samples of californium in 
the soiicce provided sufficient ions for analysis. The 
mass Spectrometric data are suniniarized in Tables 2.8 
and 2.9. 

Discussion 

The neution ieaction iates in thermal reactor spectra 
may tie satisfactorily expressed in terms o f  a model in 
which the Iherrnal-neutron flux, Gtl,. is described by a 
Maxwellian distribution characterked by E ,  = kT and 
an epithermal component which has a dE/E distribu- 
tion. This latter distribution extends from a lowei limit 
of about 5E,  and ranges over -7 orders o f  magnitude 
in energy until it merges into the utmoderated fission 
neutron spectrum. Cadmium serves as .a suitable ther- 
mal-neutron filter with an energy cutoff near 0.5 eV, 
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Table 2.7. Summary of neutron irradiation data' 

1rradi:ition Average epithermal flus 
Average thermal flux 

(neutrons cm-? sec- l j  
F,xperiinen t time per In E 

(secj (neutrons cm-2 sec-') 

37C-1 

2 

- 3  

37D-1 

-2  

-3 

45A-1 
-2 

3 

x l o 5  

3.454 

3.454 

3.454 

4.320 

4.320 

4.320 

2.597 

2.597 

2.597 

x 1014 

1.945 
1.94, 
1.945 

1.886 

1.886 

1.886 

1.760 

1.760 

1.760 

x 1014 

1.982 

(1.96,)b 

1.922 

I .984 

( I  . 9 4 ~ ) ~  

1.91, 

1.82, 

( I  . 8 5 J P  

1.882 

'Based upon 6oCo ( ~ 2 2 0 0  = 37.0 b. I = 75 b).  

terpolated. 

Table 2.8. Mass analyses of 249Cf saniplles 
__l̂ ___l_ ............... 

2 5  lCf 252Cf  

(at. %) (at. %j (at. %) 

250Cf  
___ _lll 

Experiment Sample 2 4  9Cf 249Cf 249Cf  

____. ................. ...................... 

37ca Cd filter, 1 0.5079 f 0.005 0.0208 2 0.00 1 <3 x 
Cd filtcr. 3 0.4802 ? 0.005 0.01 89 f 0.00 1 <3 x IO4 

Unfiltered. 2 3.596 f 0.02 0 . 3 4 7 ~  t o m 4  0.0208 2 0.001 

37Db Cd filter, 1 

Cd filter, 3 

0.630 2 0.006 

0.6 14 ? 0.006 

0.0330 rL 0.001 

0.0317 + O  001 

Unfiltered, 2 4.388 f 0.02 0 5262 k 0 005 0.0463 f 0.001 

IJnirrdd~ated <s x <_s x <5 x 

'Mass analysis carricd o u t  50 days following irradiation. 

bMass analysis carried t 28 days following irradiation. 

Table 2.9. Mass analyses of "Cf samples 

2 5 I C f  - 252Cf  
Experiaicnt Sample ?SOCf  2 5 0 C f  

............ 

(at. 7;') (at. %,) 

enabling discrimination between these two principal 
components of the neutron spectrum. The reaction 
rates may conveniently be evaluated in t e r m  of the 
integrated rates over the thermal distribution, 

45A' Cd filter, 1 8.080 A- 0.04 0.2749 2 0.002 

Cd filter. 3 8.12* f 0.04 0.2788 ?0.002 

Unfiltered, 2 15.83 t 0.06 I .605 _f 0.008 

Unirradiated 2.40 1- 0.01 0.2234 f 0.002 

which when suitahly normalized can be expressed as the 
product of a thzrmal-neutron f h x  4 t h  and therrnal- 
neutron cross section (Jth, so that L?th = 4thUth .  

Similarly, the epithermal reaction rate, 

OMars analysis carried out  26 days following irradiation 
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can be expressed in terms of the appropriately defined 
mean flux q5epi (the epitherrnal-neutron flux per unit 1 n 
E )  and the resonance integral 

so that Repi = $epiI. The conventions used here have 
been described in detail elsewhere.’ 

The distribution of nuclide concentration lollowing 
the reactor irradiation is calculated in terms of a series 
of consecutive first-order reactions and a combining of 
the two spectral components in the neutron distribu- 
tion. The integrated form of the equations used to  
evaluate the cross sections takes the form 

i+;j 

where a = formation constant = @uc and b = removal 
constant = $u‘ for each coinponent nuchde in the start- 
ing mixturz. In Eq. @), $ is taken as either the epi- 
theimal 01 thermal flux and u as either the resonance 
integral or the effective c~oss  section, 

vrtf  = ‘th -b (&epl/@th) 1 

respectively. The superscripts c and a refer to capture 
and a1)sorption (i.e., fission plus capture). The terms 
No..~Npl  refer to the series of nuclides produced by 
successive neutron addition. 

’ ’ Cf Absorption 

In a system of consecutive first-order nuclide trans- 
mutations involving no unmeasured branching, the rate 
constants can be evalualed completely from a set of 
measurements yielding the concentration of each com- 
ponent in the nuclide sequence (to within the limits of 
accuracy of the measurements). However, in the present 
sequence, a branching which was not measured directly 
does occur due to fission at both 2 4  9Cf and 2’  ‘Cf [see 
Ey. (111 . The thermal fission cross section and reso- 
nance integral of “’Cf have been r n e a ~ u r e d : ~ ? ~  but 
there is considerable uncertainty in the fission cross 
section of  2 5 1  C f .  However, it has been possible to 
estimate this branching in the current experiment. 
Irradiations 37C and 37U are similar in all respects 
except that the reactants in 37D were more nearly 
completely converted (i.e.> the proportion of each 
nuclide transmuted was greater in 37D than in 37C). 

Using an iterative calculational procedure, this differ- 
ence in the degree of “burnout” allows an evaluation of 
the absorption cross section of 

By calculating the ratio of U ~ ~ , , ’ S  for the two runs 
37C and I), which are expressed in terms of the mass 
ratio (251/250) and neutron h e n c e  [see Eq. ( 2 ) ] ,  the 
value of the parameter (ua2 - un2  o),ff for which 
this ratio becomes unity can be determined. Since runs 
37C and D were mass analyzed on the same date and 
were quite similar in all respects, the precision in the 
ratios of the mass analyses and neutron fluences 
exceeds their absolute accuracy and permits evaluating 
nu2 with greater accuracy ilian would otherwise be 
possible. This allows the derivation of a consistent set 
of cross sections for the reactions in Eq. (I). For the 
conditions of runs 37C and D (see ‘Table 2.7), the 
parameter (uoZ5 -- uu2 jo)eff- = 3700 k 1200 b is 
derived, resulting in an effective absorption cross 
section For ’”Cf of ( J ~ ~ ~  l(eft] N 6900 b with an 
estimated uncertainty of -20%. However: this error 
only introduces an -1% uncertainty in the calculation 
of u c 2 4 9  and -2% in ucz I ,  but an -7% uncertainty in 
uc2 o. The propagation of error from this source is 
relatively sinall for the resonance integral measurements 
because of the tenfold lower epithermal flux intensity. 

Cf. 

’ Cf Capture 

The branching for 2 4 y C 6  fission was taken into 
account using uf2 = 2 1 10 b .3 

The sensitivity of the cross section. uc2 y ,  is such that 
a 15% change in uf,, introduces less than a 1 9  change 
in vc249.  The variation o f  ~ ‘ 2 4 9  in terms of the 
parameter I - uu2so)etf  which is used in the 
evaluation of is shown in Table 2.10. I t  is 
appaient that a variation o f  2000 b introduces less than 
a 1 % change in uL 9. The average value of the thermal 
capture cross section, uC2,,(th). is listed in the last 
colunin based upon the measured value of = 
765 b discussed below. Since the evaluation of ucz 

= I670 b3.4 and I f 2  

Tahle 2.10. Dependence of u~~~~ upon (uaZS1 - uQ250)rff 

1000 567 537 552 474 

3000 570 541 555 477 

5000 573 545 559 48 1 

7000 577 551 5 64 4 86 

*Based upon .Ic249 = 765 b. 



50 

Table 2.1 1. Surnmary of 249Cf cross sections 

37c 9.683 769 571 497 
755 

37D 9.965 768 543 464 
768 

av 765 t 35 av 478 i 25 

*Based upon I ~ C J a 2 5 0 ) , f f  = 3700 b 

yielded a best fit for the parameter (ua2 I - ua2 o)eff = 
3700 5, we estimate uc249(th) = 478 5 25 b. 'This may 
be cornpared with values of 270 and 300 b used by the 
Savannah River and the TRIJ groups t o  correlate their 
data.s>6 

The results of the four measurements of the rcsonance 
capture integral of 2 4 9 C f  are summarized in Table 2.1 1,  
and the average is taken a s I C z 4 ,  = 765 2 35 b.  Because 
of the lower epithermal flux, uncertainties introduced 
due t o  error in other cross sections are negligible. The 
present value may be compared with the value of I C 2  
= 1030 b from Hennelly.' The values of the effective 
and thermal cross sections are also listed in columns 4 
and 5,  respectively, of Table 2.11. The parameter a = 
uc/oy is of intercst for a fissionable nuclide and is 
calculated as cui;., = 0.29 and cuepi = 0.31 for 249Cf 
derived from these results. 

O Cf Capture 

The measurement of the z'°Cf cross section was 
made in irradiations starting with both 250Cf  and 
2 4 9 C f .  In the former case (4SA) the '"Cf produced 
was a first-order product; in the latter case (37C and D) 
the Cf was the product of a second-order reaction. 
'The higher isotopic ratios for first-order reactions lead 
to  somewhat greater accuracies in that measurement 
(see Tables 2.8 and 2.9), and these are reflected in the 
weighted averages. The variation of I C 2  is illustrated 
in Table 2.12 and is relatively insensitive to the assumed 
value of la2  On the basis7 of In2 = 7000 b,  the 
value of = 11,600 2 SO0 b is derived. This 
compares with I C 2  = 4975 b used by the Savannah 
River 

Similarly, the variation of u C 2  o(eft-) with the param- 
eter ( u a 2 5 1  - ua250)ef f  is shown in Table 2.13. An 
-180-b change in uCZS0(eff,  results from a 2000-b 
variation in that parameter. The * 'Cf thermal cross 
sections are suinmarized in Table 2.14. Column 3 lists 

Table 2. I2. Dependence of I C ?  5 0 U Q C ~ I  1'2 5 

X (b)* 
.I______. 

Weighted 
aver age 

I U 2 5  1 

(b) 37c  37D 45A 

3,000 1.18, 1.21 3 1.131 1.14, 

13,000 1.208 1.248 1.179 1.186 

17,000 1.21 9 1.263 1.20" 1.20, 

I._- ____ 

7,000 1.192 1.22, 1.152 l . 161  

*Each entiy is the mean o f  two determinations. 

Table 2.13. Dependence of uC2 O(eff) upon (Un2 5 - uUz 5 O)eff 

1000 3024 2945 3017 3006 

3000 3161 3116 3202 3181 

5000 3299 3292 3392 3360 

7000 3444 3473 3585 3543 

Table 2.14. Summary of *"Cf thermal cross sections 

37c  9.683 3209 2010 

37D 9.96, 3178 2013 

45A 9.482 3269 2045 

Weighted dv 2034 * 200 

*Bawd upon (uazs l  - uU2,,,) = 3700 b, I a 2 5 1  = 7000 b, 

1 ' 2 5 0  - 1.161 X I O 4  b. 



the measured effective ci oss  sections for the three 
irradiations. The derived thermal cross sections ale 
shown in the last column: the weighted average of 
0C2io(lh)  = 2030 t 200 b. The larger uncertainly in 
this measurement is due to the sensitivity of this cross 
section to  the more poorly known value of ua2 This 
value may be compared with 1485 and 2000 b, given by 
the Savannah River group and the 'TKU group respec- 
tively. 

5 1  Cf Capture 

l'hw determination o f  the "C f  capture cross section 
is dependent upon the measurenient of the inass ratio 
N 2 5 2 / N 2 5 1 .  In the irradiation o f  the 249Cf(37C and 
Uj, too little conversion to "Cf was realized by this 
third-order reaction in the filtered irradiation to enable 
evaluating the resonance integral. However, the un- 
filtered irradiation provided sufficient * C f  to  
measure uC2 l(erf). The "Cf irradiation (45A) pro- 
duced adequate quantities or "'Cf to evaluate both 
or2 , and P c 2  , . The low value o f  the absorption cross 
section o f  "'Cf implies i t  negligible effect on the 

Cf measurement. Ilowever, we used oLl2 j 2  = 65 b 
and ta2 

The dependence of  IC, on the value of Za2 is 
relatively slight. A factor of 2 change in the current 
estimate of the latter7 makes only a 1% change in the 
value of I C 2  5 , .  Using the value of 1, = 7000 b: we 
report that I C z 5  
= 7.30 b for this parameter. The variation of (rc2 (eff) 
as ;1 function of  ( ( re2  --- u112 o)eff is shown In Table 
2.1 5 .  For the value of the parameter fua2s ---  

u ~ ~ ~ ~ , ) ~ ~ ~  = 3700 b,  we raport oCl5 l(eff) = 302'2 f 
150 b. By subtracting the epittiei-mal contribution, the 
thermal capture cross section may be evaluated as 
uczs  ,(th) = 2550 .t_ 150 b. l'his latter value may again 
he compared with a value of about 1?80 b used by both 
the Savannah River and the 'I KU groupsSi6 to  correlate 
nuclide yields in their respective reactors. 

251 

= I 50 b in this ca l c~ la t ion .~  ,8 

= 1600 .+ 30 b. Hennelly5 gives 1'25 

Table 2.15. Dependence of UCz 5 upon (0"~ - 0'2 0Jeff 

1 ooo 2942 3003 3103 30x9 

3000 2901 2957 3053 3040 

5000 2865 2907 3003 2990 

7000 2821 2846 2956 2942 

1. Analytical Chemistry Division. 
2. R. W. Stoughton and J. Iinlperin, Nucl. Sci. Eny. 6 ,  I00 

(1959). 
3. R. W. Benjamin, E;. W. MacMurdo, and J. 1). Spencer, 

"Neutron Induced I-'ission Cross Sections for 244---24KCm and 
24YCf,ri presented at the Third Conference on Neutron Cross 
Sections and 'Technology, Knoxville, Tenn., Mar. 1 5  --17, 1971. 

4. 5.  Halperin, J .  H. Oliver, arid R.  W. Stoughtan, Chrm. Dfv. 
A r r ~ r r i .  Dog. Rep. May 20, IY70,  ORNL-4581, p. 37. 

5. E. J. Hcnnelly, ' T h e  Heavy Actinide Cross Section Story," 
presented at the Third Conference on Neutron Cross Sections 
arid 'Technology. Knosville. Tcnn.. Mar. 15- 17, 1971. 

6 .  1V. 1). Burch, J. E. Uigelow, and L. J. King, Semiannual 
Kcport of Fuoduction, Status, amd Plans for Period Ending Jztrie 

30, 1970. Transiiranium Processing Plant, ORN1.-4588, p. 31. 
7. C. E. Bemis, JI-. et ai., cLI.,vaiuation of z s ' ~ ~ f  'Burnout' 
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8. J. Halperin, J. 1-1. Oliver: and K. W. Stoughton, "The 

'Thermal Cross Section and Resonance Integral for Neutron 
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EVALUATION OF Cf 
"BURNOUT" EXPERIMENT 

C. E. Bernis, Jr. 
R. D. Baybarz' J. Halperin 

R .  E. Druschel 

As a by-product of an experiment previously re- 
ported2 on the measurement of the neutron absorption 
cross section of 7Fn1, it was possible to make certain 
observations bearing on the absorption and capture 
cross sections of " I Cf. Because of the special interest 
at this time in 2 s ' C f  as ;in intermediate in the 
production o f 2  'Gf, these data have been evaluated. 

Cadmium-filtered and unGltered samples of actinides 
containing picogram quantities of ' * Cf were irradiated 
in the hydraulic-tube facility of the QICK with cobalt 
monitors in a configuration which facilitated delerinina- 
tion of the integrated neutron flux in the sample. These 
were irradiated to a thermal-neutron fluence o f  6.27 X 
lo1' neutrons/cm2 in a position where the ratio o f  
thermal flux to epitherinal flux per unit In E was equal 
to 9.56. The evaluation of i.he absorption cross section 
of 2 s  ' C f  was to be made by comparing the r s r C f  
content of each of the irradiated samples with that o f  a 
portion of the original sample. 

The actinide sample contained - I O 9  atoms of the 
892-year alpha-emitting ' ' C Y ,  which represented only 
a few percent of the alpha activity of the sample. Since 
this quantity was too srnall to determine by mass 
spectrometry, the dpha spectrum was measured using 
a surfacebarriel-de lector pulse-lieight-an;~lysls system. 
It was possible to make measurements on the 5.667- 
MeV (34.7%) and 5.844-MeV (27.8%) peaks of '"Cf  
even though 18.1-year 2"4Cni I5.806 MeV (76.4%) and 
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5.76 MeV (23.6%)] had been added to the sample in 
much larger amounts t o  providc a staridard of com- 
parison for the "burnout" experiment, 

The analysis was carried out by first quantitatively 
separating the actinides as a group on an anion exchange 
column from various fission product contaminant$ in 
the irradiated samples. The alpha-spectrum analysis of 
these samples established the ratio of "Cf to  244Cm.  
'I'he 2 5 2 C f  peaks [&I18 MeV (84.S7,) and 6.075 MeV 
(15.5%), 2.65 years half-life, 3.170 spontaneous-fission 
branch] are amply separated in energy from the 4Cn1 
and are of comparable intensity, permitting a precise 
determination of ' Cf/' 44Cm. However, the Cf/ 
244Cm ratio cannot be directly evaluated because of 
the overlapping of the 244Cm and the '"Cf peaks. 
'The sample was redissolved and passed through a cation 
exchange column wing an a-hydroxyisobutyric acid 
eluent, thus separating the curium and californium 
fractions by a nominal factor in excess of I O 3 .  The 
" 'Cf/' ' 2Cf ratio was then determined from the alpha 
spectrum of this latter sample. The product of these 
two measured ratios yielded the desired value of 
2' 1Cf/244Cm, 

The ratio of 2 '1Cf/244Cm in the original unirra- 
diated sample was determined similarly. Since no "Cf 
was initially present in this sample, an amount o f 2  s2Cf  
activity comparable with the 2 4 4 C m  present was added 
and the ratio accurately measured through its alpha 
spectrum. Again an a-hydroxyisobutyric acid column 
separation served to remove the curium from the 
californium fraction, permitting the determination of 
the 2s1Cf /252Cf  ratio and thus the value of 

The determination of the absorption cross section of 
the 2'1Cf depends upon comparing the ratio 
' Cf/' Cm in the irradiated samples with that in the 

unirradiated sample. Since only -0. 1 % of the Cm is 
transmuted in the anfiltered irradiation (less in the 
filtered irradiation), the correction can be accurately 
applied, and the absorption cross section of " ' Cf can 
be accurately expressed as 

2 5 1 Cf/' 4 4 Cm. 

The superscripts Q, c (used later), and o refer to 
absorption, to capture, and t o  the original unirradiated 
sample respectively. The subscript is the mass number 
of the nuclide in question and i s  unambiguous in this 
context. The terms Ipt and u refer either to the 
thermal-neutron fluence and effective thermal cross 
section or the epithermal fluence per unit In E and the 
resonance integral, I' = [u'(E) dE/E, respectively. 

It should be noted that the low alpha-decay rates of 
the ' Cf necessitated counting times of several days. 
The ' Cf alpha spectra in samples 1 and 3 appeared 
quite pure by comparison with known 2' ' Cf alpha 
spectra. (The measured ratios are listed in Table 2.16). 
However, the spectrum of sample '2 was poorly defined 
and was inconsistent with the known abundances in the 
fine structure. Thus the latter sample could not be used 
to evaluate the thermal absorption cross section. From 
samples 1 and 3, the resonance absorption integral of 
"'Cf can be deduced as f a z 5  := 7000 b .  'The 
uncertainty in the cross section, about 50%. reflects the 
low burnout achieved in the filtered irradiation. 

From the ratio of ' "Cf to 2 s  Cf the capture cross 
section can be evaluated similarly. An expression for 
the capture neutron cross section is 

where the thermal-neutron parameters are required for 
uc2 (eff) and the epithermal parameters for I C 2  . 
The evaluation of uc251 is dependent upon the 
absorption cross sections of " 2Cf and 2'  Cf. The 
former is small and has been c h a r a c t e r i ~ e d ; ~ . ~  it 
introduces no significant error in the calculation. Values 
of ua2 = 150 b were taken for 
these parameters. The resonance capture integral could 
be directly determined in this experiment and was 
found to be I C 2  = 1620 + 100 b. The sensitivity of 
the measurement is such that changing the assumed 
value of I u 2  I by a factor of 2 makes less than a 2% 
change in I C 2  'This value is in good agreement with 
that reported elsewhere.' The data further permit the 
evaluation of uc2 , dependent upon ua2 and thus 
place a significant restraint on this parameter. The 
values of uc2 are given in Table 2.1'1 as a function of 
on2 1 .  These results are consistent with reported' 
values of uc2 (eff) = 3000 b and un2 (eff) % 6700 
b. 

(eff) = 6.5 b and la2 

Table 2.16. Alpha spectrum data for " 'Cf sainpies 

2'1Cf - Atom ratio 

counts 2 5 2 C f p  5 1 Cf 2 5  1 ~ f / 2 4 4 ~ m  
Sample No. 

1, unirradiated 2407 0.01700' 8.97 5 

2 ,  unfjltered radiation 1434 0.1662 8.439 

3, filtered radiation 4041 0.01088 8.560 

a 2 s 2 C f  added. 
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I .  Chemical Technology Division. 
2. C. E. Bemis, Jr., et al., Cheni. Div. Anrzu. Pro<y. Rep. May 

3. J .  I-Idperin et al..Nucl. Sci. Bng. 37, 22% (1969). 
4. J .  Hnlperin, J .  El. Oliver, and R. W. Stoughton. "The 

'l'herrnal Cross Section and Resonance Integral for Neutron 
Vision of ' 'Cf," the following contribution, this report. 

5 .  J. Halperin et al., "The Thermal Cross Sections and 
Resonance integrals for Neutron Capture of '."Cf, "Cf; and '' 'Cf," the preceding contribution, this report. 

20, 1970, OKNI,4581, p. 43. 

Table 2 . t7 .  Cross-section dependence of oc2s upon n ' ~ 5  I 
_.I_I 

2000 2657 

3500 2782. 718 3.9 

5000 2910 2090 1 4  

6500 304 J 34.5 9 0.88 

8000 3177 4823 0.66 

9500 3315 618.5 0 54 

I1000 3458 7542 0.46 

THE THERMAL CROSS SECTION AND RESONANCE 
lNTEGRAL FOR NEUTRON FISSION OF ' ' Cf 

J. J-Ialperin J .  H. Oliver 
R. W. Stoughton 

'The neutron-inducetI fissionability of ' ' ' l  Cf is of 
special interest. of course, to the program involving its 
production and also as an example of an even-even 
nuclide undergoing sub threshold fission (compare 
L3?u, 23zpu, 244Cm). Although 252Cf was first 
identified in 19.54 and simble samples have since 
become available, this measurement has proved to  be 
quite difficull. The origin of 1 he experimental problem 
lies in its tiigti sl'ontaneous-fission rate. Altiiough "Cf 
decays predominantly by alpha emission with a 2.73- 
year half-life, there is a spontaneous-fission branching 
with an 8.5 .S-year half-life. This high spontaneous- 
fission rate implies that in-pile measurements need to be 
made in neutron fluxes in excess of 1013 neutrons 
cm-' sec -' . This is beyond the usual range for fission 
chambers positioned in reactor fluxes. and signal to 
noise is too unfrivorable for the accelerator pulsed-beam 
neutrons using the time-of-flight technique. 

We have used the method of solid-state track record- 
ing to evaluate both the fission thermal cross section 
and the resonance integral of ' Cf. The technique is 

applicable because it lends itself to thz use of picograin- 
size samples and a detector that can be used in a 
high-flux region of ii reactor. The rnet.hod has been 
described,' and we have used a similar technique 
involving polycarbonate plastic film as a fission detector 
for unfiltered reactor spectra and rriuscovite in cad- 
mium-filtered irradiations. For the latter case, we have 
replaced the earlier polyethylene sample holder with 
holders made o f  either polytetrafluoroet1.rylene or 
polychlorot rifluoroethylene to  minimize moderation of 
our epithermal-neutron spectrum. The tracks in the 
mica are developed by etching in concentrated HF for 
an hour at room tetnperature. We Kind the efficiency of 
the mica detector equal to that of Lexan within the 
limits of our error, (92 5 2)')). Both M n  arid AU 
neuti-on monitors were used to evaluate the thermal and 
epitfiermal components of the reactor spectrum. The 
rneasurements have been normalized to u2 oo(Au) = 
'38.8 b, [(nu) = 1580 b, (szz ,,(,(Mn) = 13.3 b, and I(~iv1n) 
= 14.5 b. Our "Cf sample was isotopically quite purel 
containing -0.1% "' nd 0 .O 1 % ' '' Cf. This fission- 
able nuclide contamination resulted in a 4-b correction 
to the thermal cross-section measurement and a 5 -1, 
correction to the resonance integral. Since the experi- 
ment is sensitive to the presence of any fissionable 
isotope (e.g., 2 . 3 s ~ ,  2 3 y 9 2 4 1 ~ u ,  2 4 5 ) 2 4 7 ~ : m )  in pico- 
gram quantities, below the limit detectable by alpha 
counting, stringent requirenierits are placed 011 the 
chemical purity of the sample. The californium sample 
was purified by a series of a-hydroxyisobutyric acid 
cation exchange column separations. The product from 
the third colunin was judged pure by continuing the 
separation through two additional columns: the number 
of fission tracks observed by neutron-induced fission in 
the product from t tie fifth column was indistinguishable 
from that of the third, although the original sample was 
heavily contini mated with fissionable nuclides. 

These irradiations were carried out in the pneumatic 
tube facility of the ORR, where the thermal-neutron 
flux was measured as -5 X 10l3 neutrons crnC' s e C '  
and where the ratio of the thermal to epithermal flux 
per unit In  E was -35. For convenience in the 
microscopic examination of the tracks, the irradiations 
were timed to yield 1000 to 2000 tracks per experi- 
ment. The major difficulty was associated with the need 
for utmost speed in the handling of the "'Cf- 
source ---tnic:j and -Lexan detector system. The goal was 
t o  permit the source and delector i o  be in contact for a 
minimum i.ime prior to and following the irradiation. 
This permitted the registration o f  the minitnum number 
of ' 'Cf spnrztarieous fission tracks compared with 
those produced by induced fission while in the reactor. 
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In the unfiltered expeiiinents the fraction of tracks due 
to neutron-induced fission ranged from 30 to 50% of 
the total number of tracks recorded. In the filtered 
iriadiation, the value ranged from 6 to 1570 and was the 
priticipal limitation in the accuracy of the measure- 
ment. 

The data are summarized in 4'ables 2.18 and 3.19, in 
which the second column lists the fluence, and the third 
column lists the 2 5 2 C f  content of the sample at the 

time of the measurement. The number of observed 
fission tracks counted under the microscope is listed in 
column 4. The computed number of tracks due to the 
known spontaneous-fission rate of the sample is given in 
column 5 .  The last column lists the calculated cross 
section for each run. The weighted average of 12 
determinations of the effective fission cross section of 
'"Cf was measured as of252(eff) = 35 2 4 b.  The 
weighted average of seven determinations of the fission 

Tabb 2.18. Fission CIOSS section of 2szCf  
~ ~ 

Total Number of 

kxpermen t Thermal fluence Number of "*Cf number of fimon \pontaneous- of2 5 2 (efn 
(neutrondcm2) atoms tJdc k> fis\ion track\ (b) 

obcerved (computed) 

A-3 

4 

6 

9 

10 

12 

B-2 

5 

6 

7 

8 

9 

x 1014 

5.94 

4.98 

5.54 

6.50 

6.85 

7.63 

4.76 

5.12 

7.71 

6.38 

6.44 

9.7 1 

x 1010 

2.98 

2.95 

2.91 

2.88 

2.86 

2.84 

3.12 

3.08 

3.07 

3.05 

3.04 

3.02 

1381 

1095 

1831 

1756 

1673 

1868 

14 10 

2106 

2557 

2083 

1913 

2169 

902 

642 

1126 

1046 

912 

1068 

88 1 

1439 

1672 

1183 

1012 

1002 

25.4 

29.5 

39.2 

33.6 

34.3 

32.5 

31.7 

37.7 

33.0 

41.7 

41.5 

35.3 

Weighted av 34.9 * 4 

Table 2.19. Fission resonance integd of 2s2Cf 

Epithermal fluence 

(neutrons/cm') 
Experiment per unit In E 

x 1014 

A-20 0.561 

22 0.379 

23 0.401 

24 0.343 

B-20 0.558 

22 0.331 

23 0.346 

Total Numbei Qf 

Number of 252Cf number of fission spontaneouc- If2 5 2 

atoms tracks fission tracks (b) 
observed (computed) 

x 10'0 

2.58 

2.53 

2.51 

2.48 

2.65 

2.58 

2.54 

1213 

1000 

1009 

826 

1109 

1010 

1130 

1022 138 

910 97 

924 87 

773 63 

1028 54 

9 10 121 

1008 143 

Weighted av 110 ? 30 
..... 



resonance integral is similarly reported as I f 2  = I 10 2 
30 b. The thermal cross section [uth= ueff - (@ep,/$t11)4 
15 thus determined as of2 = 32 k 4 1) .  Combined wlth 
the previously reported' capture cross sections, 
crczsz(th) = 21 b and K'252 = 43 b, the capture-to- 
fission ratio parameters are Qth = 0.66 and ae I = 0.4. 

By correlating yields in the production of " ' Cf at 
the TKU facility, Bigelow3 observed that the reported 
capture cross sections did not account for the 2 5 2 C f  

THE NEUTRON CAPTURE THERMAL CROSS 
SECTIONS AND RESONANCE INTEGRALS 

OF ' 4 4 P ~ A N D  2 4 5 P u  

R. E. Ilruschel J .  I-ialperin 
R. E. Eby' 

In the very high-flux reactors devoted to the produc- 
tion of californium isotopes, somewhat less than 0.5% 
of the 2 4 2 P u  consumed leads to ?44Pu. See Eq. (t): 

buinout and that his data were consistent with a fission 
cross section of 30 to 5c) h .  Furthermore, fission 
product andlyses of ieirradiated "Cf suggested values 
of d5 2 ianging from -20 11 to upward of 100 b. 
tlennelly,4 from similar considerations at Savannah 
River, suggested of,,, = 6 b and I f z s 2  = I 2  b. 
Recently, Moore et al. reporled' the results ofmeasure- 
nientr using a nuclear explosion in which numerous 
fission resonances were seen in 's*Cf for neuiron 
eneigies from 20 eV to  5 MeV. He observed that the 
fission width of foul resonances for which shape fitting 
was possible exceeded the estimated gamma width. He 
ieports ;I fission resonance integral above 20 eV as 56 + 

5 b These data confirm the substantially higher fission 
cross sections for 'Cf than the capture values, leading 
to  values of the parameter CY o f  less than unity 

1 .  J. Halperin, J. H.  OliveI, and R. W. Stoughton, C'hem. Div. 
Annu. Progr. Rep. Muy 20, 1070, ORNL-4SR1, p.  31. 

2. J. Halperin e t  al., Nucl. S'ci. E?lg. 37, 228 (1969) .  
3. J. E, Bigelow, personal communication (Septeniber 1970). 
4. E. J. I-lennelly, '"The Heavy Actinide Cross Section Story," 

presented ;It the Third Conference on Neutron Cross Sections 
and ' ~ e c h n o b g y ,  Knoxville, 'Tenn., Mar. 15- 17, 1971. 

5. M. S. Moore, J. H. McNally. and R. 1). Haybarz. "The 
Neutron-Induced Fission Cross Section of * 2Cf," presented at 
the Third Conference on Neutron Cross Sections and Tech- 
nology, Knoxville. Tenn., Mar. 15 --17, 1971. 

However: 244Pu is of especial interesi in geochro- 
nology, arid recent evidence' appears to have confirnied 
its presence as an extinct radioactivity in meteoritic 
materid. Furthermore, its relatively long half-life leads 
to the interesting possibility of handling rnacro yuan- 
cities of plutonium with minimal complications due to 
alpha radioactivity (e.g., radiolytic effects of aqueous 
solutions of 23''Pu) as well as minimal radiation hazard. 

We have measured the thermal-neutron capture cross 
section and resoriarice integral of the 8.?8 X 107-year 

44Pu and the 10.5-hr 'Po. The rneasurements have 
been made by irradiating samples o f  2 4 4 P ~ ~  of greater 
than 99% isotopic purity in cadmium-filtered and 
unfiltered configurations. 'The irradiations have been 
carried out in both the ORR and the BSR using dilute 
cobalt alloys to evaluate neutron fluence. The data have 
as yet been only iticompletely evaluated and are 
therefore reported here as preliminary values. 

Z 4 * P U  

The thermal cross section of 2 4 4 P u  was measured in 
two separate sorts of experiments. One iriadiation was 
cariied out in the D 2 0  tank or the USR, which provides 
a highly thermalized neutron spectrum (comparable 
with the thermal column of a graphite reactor) The 
ratio of q5epl/q4th < 3000. Following the iiradiatioii the 
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plutonium ~ was chemically purified by a rare-earth 
fluoride precipitation. This was followed by adsorptjon 
onto an anion exchange column in a strong I-IC1 
medium. The 2 4 4 P u  was assayed by alpha counting and 
the 2 4  ' P u - ~ ~ '  Am equilibrium mixtiire determined by 
471 beta counting on thin film mounts. A nonlinear 
least-squares fit of the decay served to evaluate the 
characteristic 10.5-hr period and the amount of the 
245 -mass chain produced from the irradiated 

A second set of irradiations including both cadmium- 
filtered and unfiltered neutrons was carried out in 
which the ratio of the 145-mass chain prodllced to the 
initial 4Pu was determined mass spectrometrically 
using an isotopic dilution technique. The Pu was 
measured by adding a known amount of very pure 
2 4 2 P u  to the sample. After equilibration. the mass ratio 
2 4 4 P u / 2 4 2 P u  was determined with a two-stage mass 
spectrometer using a thermal ionization source and 
electron multiplier detectors. The "'Cm formed in the 
irradiations was similarly evaluated mass spectro- 
metrically by adding to the sample an accurately known 
quantity of isotopically pure 246Cm. A satisfactory 
agreement between the two measurements of the 
thermal cross section of 2441'u was obtained. The 
results of the experiment are summarized in Table 2.20. 
A value of u C 2 2 0 0 ( 2 4 4 P ~ )  = 1.70 .+ 0.1 b is reported 
for the 2200-m/sec cross section of 244Pu.  The resonance 
integral I(244Pu) = 45 5 I b has been similarly 
measured in our isotopic dilution experiment. 

Pu. 

z 4  5Pm 

A prolonged irradiation of 2 4 4 P u  at constant reactor 
power using both cadmium-filtered and unfiltered 
neutrons was carried out to produce the 10.85-day 
246Pu.  (Thermal fluence :: 1.90 X 10'' neutrons/cm2 
and @ti,/$epi = 10.1 .) Following chemical purification 
of the plutonium, the 6Pu was assayed by measuring 

'Table 2.20. Capture cross section of 244Pu 
... . . . .. . .... ~ 

Thermal Epitherrnal 

(neutrons/cid) (neutrons/cm2) 

fluence o c 2 2 o 0  I C  
(b) (b) 

Irradiation fluence 

x 10'8 x 10'8 

I 0.0 187 3 <6X 1.69 

L-2 32.2 3.6Ia 1.70 

L-l  3.58 45 

L-1 3.76 46 

'Interpolated value. 

the intensity of both the 800-keV (24.3%) and the 
1079-keV (31.6%) gammas in the decay of the 25-min 
246Am. The latter nuclide i s  in equilibrium with the 
2 4 6 P u  parent, and the decay was followed for several 
half-lives. Using the garnina intensities given by Orth3 
and an estimated value for a ( 2 4 s € ' ~ )  % 1, a thermal 
capture cross section u C t h ( 2 4 5 P ~ )  = 150 ?: 30 b and a 
capture resonance integral 'Pu) = 220 40 b can 
be reported. 

Pu measured here is 
in substantial agreement with earlier estimates, whereas 
the capture cross section of 2 4 5 P u  is somewhat lower 
than the 260 b listed by Holden! There appear t o  be 
no other measurements extant for the resonance inte- 
grals reported here. 

The thermal cross section of 

1.  Analytical Chemistiy Division. 
2. E. C. Alexander,Jr.,etal., Science 172, 837 (1971). 
3. i'. J. Orth,Phys. Rev. 148, 1226 (1966). 
4.  N. E. IIolden and F. W. Walker, Chart of' the Nuckdey, 

General Electric Co., Schenectady, N.Y ., 1969. 

K X-RAY ENERGIES AND RELATIVE TRANSITION 
PROBABILITIES OF CURIUM, BERKELIUM, 

CALIFORNIUM, AND EINSTEINIUM 

P. F. Dittner C. E .  Bemis, Jr. 

Accurate data on x-ray energies and relative transition 
probabilities (KTP) are needed for unambiguously 
identifying a given element. Standard x-ray fluorescence 
techniques have been used t o  determine the energies 
and RTPs  for most elements through americium.' J 
Scarcity of material and high specific activity precludes 
the use of the aforementioned techniques beyond 
americium. However, one can exploit the radioactive 
decay of suitable radioactive nuclides t o  observe K 
x-ray eiriission from the daughter elements. 'Thus a 
fraction of the alpha decay of 249Cf and ' 54Es  leads to 
excited nuclear states in 24sCm and 250Hk re- 
spectively. Some of the nuclei in excited states above 
the K-shell binding energy of the daughter are then 
internally converted in the K shell. The subsequent 
filling of the K vacancies results in Cm and Rk K x-ray 
emission. Similarly, the beta decay of ' Bk leads to 
excited nuclear states in "Cf resulting finally in Cf K 
x-ray emission. A decay process which produces K-shell 
vacancies directly is electron capture. We produced 

9Cf target with 
30-MeV alphas via the 2 4 9 C f ( ~ , 2 n ) 2  

The x rays from the various sources impinged upon a 
high-resolution (500 eV FWHM at 122 keV) Ge(Li) 

' Fm at the ORIC by bombarding a 
Fm reaction. 
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Table 2.21. K x-ray energies (eV) 
~~~~~ ~ -~ 

K ~ z  ( K  -- " f ~ )  Element 
Experiment Theory 

... . ___ 

Curium 104,589(5) 104.607(105) 

Berkelium 107,165(6) 107,214(107) 

Californium 109,818(5) 109,864(110) 

Einsteinium 112,501(10) 112,581(113) 

k'al ( K  LII,) 
_I____ 

Experiment 'Theory 

l09,27 3(5) 109,287( 109) 

112.112(6) 112,146(112) 

115,031(5) 115,060(115) 

I_ ......... 

118,018(10) 118,O57(118) 

KO3 ( K  MI11 

Lxpenment Theory 

122,289(6) 122.315(122) 

125.478(10) 125,4371125) 

128,599 (7) 12R,61j( 129) 

131,848(20) 131,874(132) 

- -___I 

Kg1 (k' Mid 
I__-_. - 
6xpenment 'I heory 

123,407(6) 123,433(123) 

126,582(10) 126,618(127) 

129.816(7) 129,864( 130) 

133.188(20) 133,193(133) 

- - __ 

Table 2.22. K-sl~elt binding energies (eV) obtained from KaI ,  Ka2,  K g s ,  and Kgl  energies 
and LII, LIII ,  MII, and M,ll binding energies 

K binding energy 
z Element K,1 '-LlII Ka2 +[,I1 K p 3  t.iV11 Kgl +J,flII 

Experiment Theory 
._ ____ . __ .... __ 

96 Curium 128,243 128,244 128,235 128,246 128,243(6) t28,261( 128) 

97 Berkelium 13  1.564 131,550 131,625 131,559 131,566( 17) 131,586(132) 

98 Californiuni 134,912 134,916 134,915 134,905 134,913(7) 134,967(135) 

photon detector. The pulses were further amplified and 
stored in a 4096-channel MCA. Spectra of the appro- 
priate x-ray source and a ""I'a source were recorded 
siniultaneously, and the energies of the Cm, Rk, and Cf 
K x rays were determined relative to the well-known 
energies (k2 eV) of the 8 2  Ta garnrna rays." The decay 
of 1.5-day '"Es following that of the 7-hr 2 5 1  Fm 
facilitated the simultaneous recording of the Cf and Es 
K x-ray spectra, and the Es K x-ray energies were 
determined relative to those of Cf. 

E;-series RTP's were determined by correcting the 
measured photopeak areas for background and for the 
energy-dependent detection efficiency. Calibrated 
sources of s7Co,  241Atl i ,  113s11, 2 0 3 t i g ,  1 3 7 C s ,  
2 4 3  Am, and 240Pu were used to establish points on an 
absolute detection efficiency vs energy curve. 

In order to isolate the Bk x rays (resulting in the 
decay of 254Es)  from those of Cf, an alpha-photon 
coincidence spectrum was accumulated. By allowing the 
parent activity, "'Fm, to decay for 48 h r  and then 
accuniulating the photons from the source, a "clean" Cf 
x-ray spectrum was obtained. 'This spectrum was then 
used to correct the region of overlap (3s K b l  with Cf 
Ah2) in the Es x-ray spectrum obtained during the first 
48 hr from the ' 

'The measured K x-ray energies: together with the 
cnlculaled values of Carlson et a1.: are shown in Table 
2.21. Using available for the binding energies 
of the L,,, L I I I .  MII. and MIII shells and our K x-ray 

Fm source. 

Table 2.23. Relative transition probabilities of K x rays 

K a l  = 1000 

Curium 632(6) 112(2) 230(7) 

Berkelium 643(8) 126(4) 2 2 3  10) 

C ~ h f o r n m m  657(8) 133(4) 259(10) 

Imsteinium 666(11) 134(6) 242(12) 

energies, we have calculated the K-shell binding energies 
for Cm, Bk, and Cf as shown in 'Table 2.22. The relative 
transiiion probabilities are shown in Table 2.23. Transi- 
tions from higher shells (N, 0,  etc.), although observed, 
could not be resolved into transitions from specific 
subshells (Le., iVlv or OI,,). and therefore their average 
energies and relative transition probabilities are not 
listed. Our measured transition probabilities agree quite 
well with recent calculations of t u  et al.' 

1. 3 .  A. Bearden, KO. Mod. Phys. 39,78 (1967). 
2. G. C. Nelson, B .  G. Saunders, and S. I. Salem, %. Phys. 

3. I<. C. Greenwood, R. G. Hetmer, and K. 3 .  Gehrke. Nucl. 

4. T. A. Carlson et al~,iVucZ. Ph,vs. A 135, 57 (1969). 
5. J .  M. Hollander et nl.,..4vk. F,vs. 28. 37.5 (1565). 

235,308 (1970). 

Instrum. Methods 77, 141 (1970). 
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6 .  I Ahmad e t  al.,Phys. Rev C 3, 380  (1971). 
7. Y. Y. Chu, M.  Perlman, c.  E. bcnus, Jr., arid F. F .  Dittiier 

8 .  C. C. Lu, F. B. Malik. and T. A. Cailson (to be published). 
(to be publisiied). 

ELECTRON BINDING ENERGIES AND L -SHELL 
FLUORESCENT YIELDS IN CURIUM 

P.  F. Dittner 
C. E. Bemis. Jr. 

Y .  Y. Chu' 
M. L. Perlman' 

We have recently determined electron binding en- 
ergies in curium by combining precision internal- 
conversion kinetic-energy measurements with gamma- 
ray energy measurements. To augment these binding 
energy determinations and to extend the measurements 
to  those electron shells not readily studied by the 
internal-conversion method, we have measured both the 
K-series and L-series x-ray emission lines of curium 
using suitable radioactivities. 

Internal conversion lines resulting from the ?+  --f O f  
E2 transition in 246Cm from the alpha decay of 
isotopically pure sources of * "Cf were studied using 
the Brookhaven 50-crn i r f i  electron spectrometer. 
Electron kinetic energies for the L, ---'MI,,, N , , ,  NIrI, 
and O,,,,,, lines from this transition were determined 
from the measured electron momenta and are accurate 
to  approximately &I0 eV. The 2 +  .-> 0' gamma-ray 

transition and the I, x-ray emission lines in the decay of 
250Cf  were measured using a small planar Ge(Li) 
detector. The measured gamma-ray energy resolution 
was -250 eV F W M  in the curium I, x-ray energy 
region. ?'he energies of the most intense L x-ray lines of 
curiutn were determined relative to those of uranium 
produced in the decay of '40Pu,and the2'-0'gamma- 
ray energy was determined relative to  the K ,  and K,* 
lines of europium. 'The energies of these lines used as 
stmdards are known' to  an accuracy of -1 part in 10' 
as determined using the latest values of the fundamental 
cons t a t i i~ .~  Under the conditions of our experiment, 
peak centroids were determined to -0.1 channel, which 
corresponds to  an acciwacy of -2 eV. 

'The L x-ray spectrum from the decay of 2 5 0 C f  is 
shown in Fig. 2.14. We have extrapolated the radiative 
transition probabilities of Scofield4 from Z = 92 to Z = 
96 and normalized them to the expeiiniental intensities 
for the L p l ,  and Ly.4 lines. 'The extrapolated 
intensities account for the experimental spectrum re- 
markably well, indicating that the 1, Auger yields in this 
region show little discontinuity. The L x-ray energies 
and intensities as derived above are listed in Table 2.24 
together with the energy of the 2 +  -' 0' gamma ray in 
246 Cm, all from the decay of "Cf. 

The K x-ray energy spectrum of curiuim following the 
alpha decay of 2 4 9 C f  was measured using the tech- 
niques outlined above. 

ORNIL-DWG. 70- 14390 

C m  I- - X RAY SPECTRUM 

CHANNEL NUMBER 

Fig, 2.14. L x-ray energy spectrum for curium io the alpha decay of 'sOCf. The x-ray lines result from vacancies in the LI 
.) , J, 11 ( - - - e - ) ,  and L l l I  ( ---) shells. 
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By combining the L x-ray energies for the I,, L p z ,  
Lol ~ L., ,  , and L , ,  lines, the K x-ray energies of 
the Kcul-, K a t ,  K p 3 ,  and K p r  lines, together with the 
internal-conversion electron energies and gainma-ray 
energy, we were able to derive electron binding energies 
for the K -+ N v ,  O,, -+ U,,, :ind PI,, electrons. These 
values are listed in Table 2.25 1 ogether with the method 
used to  determine the hinding energies. We have also 
compared our experimental binding energies with the 
theoretical values of Carlson et aL5 

Table 2.24. Energies and relative intensities of the most 
intense I. x-ray lines in Cm from the decay of 2s0Cf, 
and the energy of the 2+  --+O+yamma ray in 2 4 6 C ~  

__. . ._ . .-__ ___li 

Energyn Re la tive ill tens jt y Line designation 
IkeW (Lo1 1.000) 

12.650 -i 0.002 
(14.745 5 0.014) 
14.959 5 0.002 

(17.299 t 0.016) 
(18.049 I 0.016) 
18.113 t 0.0112 

(17.331 f- 0 016) 
19.426 ?- 0.002 
21.980 i- 0.008 
22.730 -? 0.002 

23.5 19 5 0.002 

0.080 
0.126 
1.052 
0.022 
0.026 
0.238 
0.005 
0.054 

0.030 
1.01)o 
0.008 
0.241 
0.002 
0.049 

0.998 X 1 0 3  
0.768 X IO-' 

0.054 X 1 0 e 2  

0.073 X 10 -' 
0.275 X 

0.244 X IO--' 

2+ --+ 42.852 t 0.005 (5.83 J. 0.12) x 10-3 

C I , ,  x rays (experimental intensity) 

C LII x rays (experiment;il intensity) 

2: lzlII x rays (experirnental intensity) 

0.0255 t 0.0050 
1.33 t 0.03 
1.63 i- 0.03 

. . 

'C'alculdted energy values using our experimental binding 
energies are given in parentheses; other values are experirnental 
nieasrmments. 

'Relarive intencities arc based on extrapolations of the 
radiative transition probabilities of Scofield [Phy.~. Rev. 179, 9 
(1969)]  and normalized to the experimental intensities for I,,[ 
(LIII), L p l  (Lrr), and to Ly4 ( I d I ) .  

Values for the fluorescence yields in the I, subshells 
may be obtained from the photon intensity dah and 
the 1, subshell in ternal-conversion coefficients. Kecall- 
ing that the subshell fluorescence yield. 02. IS rhe 
probability per vacancy in thr: ith subshell that a 
photon IS emitted in an electromagnetic tiansition to 
that subshell, one obtains the equations 

In these equations f (CLj> is the intensity sum for all the 
L x-ray lines corresponding to transitions to  the Li 
subshell, I ,  is the intensity of the 42.852-keV uticon- 
verted gamma ray, ai is the Li subshell ititernal- 
conversion coefficient o i  the 42.852-keV transition, 
and j i j  is the Coster-Kronig probability for transfer of 
the v;icancy from the ith to the j th  subshell. lnternal- 
conversion coefficients for this nuclear transition have 
been and the results are in accord with 
theoretical v a l ~ e s . ~  With the theoretical value 15.7 for 
aI and photon intensities from Table 2.24, Ey. (1)  
yields directly the result 

The ielatively large uncertainty is associated with the 
fact that most of I ( C L I )  has been deduced fiom its 
we& I,,,., components. 

For llie evaluation of wII fiom Ey. (2), knowledge of 
is not critical; qI is large in comparison with aI 

arid even if fI,Ir were as much as 1 0.28 = 0.72, the 
contribution of the cyIrI.II term would be less than 3%. 
With aII = 421 and fr,rl taken to lie 0.1, 3 leasotiable 
choice,8 Eq. ( 2 )  yields 

W I I  = 0.54 i 0.02 

Evaluation of will from kq. (3) IS fairly straight- 
forward. Here the value o i ' ~ ~ ~ ~ ~ ,  349, IS comparable with 
that of aI1, andfil,lII IS therefore important Kecently, 
McCeorge and k ink have measured this quantity for Ctn 
and have reported f I l , I I 1  0 188 .t 0.019.9 For  the sake 
o f  completeness che a1 term may be included, and if 

I S  taken io be 0.55,* one finds 

Will = 0.63 2 0.02 . 
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Table 2.25. Electron binding energies in curium 

Binding energy (keV) Scheme for binding energy 
Electron ?hell 

Experirnenp Theoryb determinationC 

128.243 ? 0.006 

24 518 i 0.021 

23.654 i 0.011 

18.973 f 0.01 1 

6.323 f 0.011 

5.946 f 0.013 

4.839 i 0.013 

4.228 i 0.011 

4.014 t 0,011 

1.674 * 0.012 

1.500 f 0.014 

1.200 f 0.014 

0.924 f 0.011 

0.860 * 0.01 1 

0.299 i 0.016 

0.232 i 0.012 

0.135 i 0.011 

0.033 & 0.027 

128.26 1 

24.523 

23.654 

18.974 

6.313 

5.946 

4.828 

4.236 

4.014 

1.664 

1.493 

1.194 

'"Errors are approximately standard deviations based on uncertainties in the 
measurements. l h e  result for the K shell is a weighted average. 

bReference 5. Uncertainty in the theoretical values is stated to be fO.l% for 
the K binding enelyies, t0.2% for the L shell, and *OS% for the M a n d N  shells. 

'Kal, L o z ,  etc., in this column are photon energies, BE(LIII) is an electron 
binding energy, E, is the garnina-ray energy (42.852 keV), and IC(MII) is the 
kinetic energy of the electron from the M subshell internally converted in the 
deexcitation of the 42.852-keV state of 246'&n. 
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THE UNEQUIVOCAL IDENTlFlCATlQN 
MIUM ELEMENTS USING 

X-RAY TECHNIQUES 

C .  E. Bemis, Jr ,  
P. F. Dittner 
C. D. Goodman' 

R. L. Ilahn 
D. C. Hensley2 
K. J. Silva 

Identification of the atomic riurnber of an elenizrit by 
its characteristic K-series x rays was first applied by 
Moseley3 in establishing parts of the periodic table, and 
this method has been more recently applied to con- 
fifming the identification of artificially produced ele- 
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nients, such as technetium (Z = 43) and promethium (2 

With a simple modification, however. this x-ray 
identification method can be extended to the identifica- 
tion and study of many of the transfermium elements, 
even though these elements must be examined a few 
atoms a i  a time. We have used this extended method jn 
a study of '"Fm and in a confirmation of the 
identification of No. 

Our technique relies on the coincideni. observation of 
characteristic K-series x rays from (he daughter element 
and of alpha particles from the alpha decay of the 
parent element. This will he possible if the alpha decay 
of the parent proceeds to excited nuclear states in the 
daughter nucleus which subsequently deexcite by the 
iriiernnl-conversion process. The characteristic K-series 
?: rays of the daughter element then result from atomic 
rearrangements following K-shell internal conversion. 
Since the otiserved alpha particle has Z = 2, the 
identification of the K-series x rays from the daughter 
element (with atomic number Z - -  2) provides an 
equally precise identification of the parent element 
with atomic number Z. 

We produced the 200-sec 2 5 5 N o  isotope in the 
Zn9Cf(1'CC,cu2n) reaction using a beam of 12C4* ions 
accelerated in the Oak Ridge Isochronous Cyclotron. 
The recoiling reaction products were thermalized in a 
helium-filled gas-jet collection assembly, pumped 

= 61): 
through ;I sinal1 orifice, arid deposited on a 23-mg/cmz 
Wi disk. After a 6-min bombardment cycle, the disk was 
pneumatically transferred a distance of about 30 m to a 
coincidence counting assembly. During the accumula- 
tion of a total integrated current of "C ions of about 
10 particle-PA-hr, approximately 180 bornbardment- 
counting cycles were completed, and about 7000 alpha 
particles from the decay of ' No were detected. 

The three linear pulses constituting a valid coinci- 
dence event, namely, alpha-particle energy, photon 
energy. and time correlation, were digitized sequentially 
using one fast on-line 8 192-channel analyzer and then 
transferred to a computer for storage.' All alpha events 
were recorded whether accompanied by a coincidence 
photon or not. 

Our singles alpha spectrum for the decay of " 'No is 
shown in Fig. 2.15. This spectrum, with considerably 
better energy resolution, i s  essentially identical to the 
spectrum recently reported by Eskola et for the 
same reaction. Figure 2.16 shows a portion o f  the 
photon energy spectrum for the photons observed in 
coincidence with all of the z s s N o  alpha groups. The 
observed lines have been identified as corresponding to 
Fni K-series x rays for the following reasons: the 
energies of these lines are in excellent agreement with 
values calculated7 for Frn I(-series x rays. and the 
relative line intensities are in good agreenient with those 
expected for Fin K-series x rays.7 Sitice these x rays are 

CHANNEL NUMBER 

iPig. 2.15. Alpha spectruni observed for the reaction products of 72.3-MeV I2C4 ions on 249Cf. 
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ORNL-D'WG. 71 ~ 213 

40 L' COINCIDENCE W I T H  - - - -  1 
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Fig. 2.16. A portion of the photon spectrum in coincidence 
with alpha particles from the decay of 2 5 s  No. The observation 
of Fm K-series x rays constitutes an uncquivocal identification 
of Z = 102, nobelium. 

uniquely associated with fermium (Z  = 100) and since 
the x rays were in coincidence with alpha particles (Z = 
2), the identification of nobelium (2 = 102) is 
unequivocal. 

Based on o u r  experience with the identification of 
nobelium, we feel that a conclusive atomic number 
identification could be obtained with the observation of 
far fewer coincident events than were obtained in this 
experiment. We are currently applying this technique to  
the identification and study of alpha-active isotopes of 
other transfermium elements which include 4.5-sec 
2 s 7 1 0 4 ,  31-sec 2 5 6 L r ,  and 1.6-sec 260105. Our un- 
equivocal identification of  nobelium has been the 
subject of a recent publication which should be referred 
to  for further detaik8 
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3. H .  G .  Moseley, Phil. Mug. 26, 1024 (1913); 27, 703 

( 19 14). 
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6 .  P. E';kola et al.,Phys. Rev. C 2 ,  1058 (1970). 
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'THE ALPHA DECAY OF ' "No 
AND Sf14TES IN ' Fm 

C. E .  Remis, Jr. 
P. F. Dittner 

I>. C. Hensley' 
C. D. Goodman' 

K. J .  Silva 

The experiment? designed to provide an unequivocal 
identification of the atomic niiinber of nobelium (Z = 
102) by coincident observation of K-series x rays of Fm 
in coincidence with the alpha decay of ' 'No have also 
provided detailed information on the level scheme for 
'"Fm. Ten alpha groups in the '"No decay have 
been identified. and their energies. intensities, and 
alpha-decay iiiridrarice factors are listed in Table 2 "26. 

Analysis of our prompt and delayed alpha-K-x-ray 
and alpha-gamma-ray coincidence data indicates that 
approximately 43% of the observed K-series x rays 
result from the internal conversion of a transition from 
the state in ' Fm at 191 keV. All of the K-series x 
rays in coincidence with the alpha groups with energies 
of 8.121, 8.07'7, and 8.007 MeV are delayed, and we 
derive a lifetime for the state at  191 keV of 15.2 2 2.3 
,usee. 'The alpha-x-ray delayed-coincidence curve for 
these transitions is shown in Fig. 2.17. A 187.2-keV 
garnrna ray in prompt coincidence with the 7.927- and 
7.8'79-MeV alpha transitions has been established as E2 
or admixed E'2-Ml multipolarity using conversion coef- 
ficients derived from our data. The gamma rays and x 

i 

-1 

TIME DELAY IN { f s e c  

Fig. 2.17. Delayed alpha--x-ray coincidence curve fox the 
191-keV state in 2 5 1  Frn. 
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Fig. 2.18. Decay schemes for the N = 151 nuclides 247Cm and 249Cf and the 251Frn results from this work. The data f o ~  
253No from the alpha decay of 257104 are inteipreted from the data of Ghiorso et al., ref. 3 .  
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rays observed in the decay of "No are listed in Table 
2.27. 

We have combined all of our data, including alpha 
energies. intendties, and hindrance factors together 

Table 2.26. S u n m a y  of alpha-spectra data for 2 5  5 N o  

Excitcd-state 
energy 
(keV) 

Alpha energy Inten\ity Hindrance 
factor (MeV) t%) 

8.312 * 0.009 1.9 t 0.1 0 1070 
8.266 ? 0.008 4.2 * 0.4 46 350 
8.121 t 0.006 45.5 t 1.3 191 10.4 
8,077 t 0.009 11.9 t 1.6 235 28.9 
8.007 i 0.01 1 6.3 t 1.1 305 31.0 
7.927 t 0.007 11.9 + 0.1 385 8.7 

with gamma-ray enei-gies, intensities, and conversion 
coefficients, and have derived the level scheme for 
" Fm shown in the lower left corner of Fig. 2.18. The 
level schemes for the other well-established N = 15 1 
nuclides, 2 4 7 C m  and 2 4 9 C f ,  are also shown in Fig. 2.18 
for comparison. The data for 2 s 3 N o  from the alpha 
decay of 2 5  104 have been judiciously derived from 
the data of Ghiorso et aL3 The similarity, as expected 
for all o d d 4  N .= 15 1 nuclides, is striking nonetheless. 
I t  is interesting to note that our results for the decay of 

' 'No represent the first case for detailed nuclear 
spectroscopic investigations above Z = 100 apart from 
singles alpha spectroscopy. Our results are being pre- 
pared for publication. 

1. Electronuclear Division. 
2. C. E. Bemis, Jr.. P. F .  Dittner, C. D. Goodman, R. L. 

7.879 i 0.01 1 4.2 t 0.4 433 

Hahn, D. C. Hensley, and R.  J. Silva, "The Unequivocal 7.771 i 0.007 8.9 5 0.7 54 1 

7.717 i 0.011 2.4 i 0.4 595 7.3 Identification of Transfermium Elements Using X-Ray Tech- 

16.6 
3.0 

(7.620 i 0.010) (2.8 f 0.4) (692) (2.8) niques," the preceding contribution, this report. 
................... ... 3. A .  Ghiorso et  ai., Phys. Rev. Lett. 22, 1317 (1969). - 

Table 2,27. A. Gamma rays and x rays obscxved 
in the decay of ' 5 N o  

Photon 

ON THE hf2 TRANSITION PROB-ABII,ITY BETWEEN 
...... ...... -_.________ THE 5/2 ' [ 6 2 2 ? ]  * 'I2 -[ 734?] NILSSON STATES 

C. E. Bemis, Jr. D. C. Hensley' 'Transition energy 
(keW 

intensitp Notes 

(%) P. F. Dittner K. Kumar2 

K ~ ~ / K ~ ~  = 0.65 * 0.10 
115.28 i 0.09 (Fm K a z )  

121.07 t 0.09 (Fm K,,) 

19.4 i 2.3 
29.9 t 3.0 

135.2 t 0.2 (I:m K p 3 )  

136.6 t 0.2 (Fm R p l )  

140.1 t 0.3 (Fm K p 2 , )  

2.2 ? 1.0 
2.6 t 1.0 
1.9 * 0.9 

56.0 f 4.1 
-.._I 

Z t;m K x rays 

Theory ay{Ml) = 8.02 
aT(E2)  = 1.66 

............ ...... _____ 

'Absolute per s s N o  alpha decay. 

R .  Fm K x rays per 5No alpha group 

C. D. Goodman' R. J .  Silva 

Magnetic quadrupole transitions. M?, have been ob- 
served between the same pair of intrinsic single-particle 
Nilsson states in the heavy-mass deformed region for N 
:= 151 nuclides. These cases are for the '//,'[622f] -+ 

g/2 -[734t] transitions in 2 4 7 ~ m  (ref. 31, 2 4 9 ~ f  (ref. 
4), and "'Fm (ref. 5). Very little information is 
available for M 2  transitions in the deformed regions, 
and little information exists for transition probabilities 
for two or more cases of transitions of any multi- 
polarity between the same pair of intrinsic Nilsson 
states. 'The three cases of M2 transitions listed above are 
the exception and have caught our interest. 

We have derived the transition probabilities, B(M2), 
for these cases using lifetime inforrnation and total 
conversion coefficients interpolated from the tables of 
Hager and Seltzer.6 These B(M2)  values are listed in 

.................... . . . . . . .  Table 2.28, together with the retardation factors, f w ,  
relative to  the Weisskopf single-particle estimate, which 

............. Prompt ... ~ Delayed provide a reference point for the relative speed o f  the 

K x ray intensity per alpha (%) 
Alpha group __ ..... .... ...... 

transitions. 
Using the wave functions by Chi7 for particle states in 

a Nilsson well in the i-rn coupling scheme rather than 
.........I...I_____...____ the more mathematically cumbersome Nilsson wave 

I o  '/2'[622T] band 37 t 11 
To 7/,'[613?] band 47 t 11 6 1  t 14 
To '/2'[620?] band 87t 12 38 k 15 
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Table 2.28. Magnetic quudrupole transition probabilities 
for the '/,'[622?] * '/,-[734?] neutron transition 

x 10-55 
247Crn 725 23 *3 12.4 2 .90k  0.35 244 t 29 

249Cf 144.8 45 * 5 67.9 2.83 * 0.32 250 f 28 

25'T:rn 190 15.2 I 2.3 30.2 4.76 t 0.72 150 F 30 

.I___ ..____ ____ .___ 

ul/~y( ' icc) = 1.24 X loG* *Ey' (MeV).B(M2) (e2cm4). 
bRetardation relative to Weisskopf estimate using ro = 1.2 F. 

functions ( l - s  coupling scheme), we have derived the 
theoretical B(M2) values. We have taken geff = 0 . 6 ~ ~ ~ ~ "  
and have used it pairing eriergy A = 12/fl(MeV). For ;I 
deformation F = 0.3, the transitions are retarded by 
about 3 factor of 1.6 -+ 2.8, which is very satisfying 
agreement. 

The transition probabilities for all three 11.12 transi- 
tions considered here are nearly equal within the errors 
of experiment and are in essential agreement with 
theoretical values. These facts perhops indicate that the 
two Nilsson states involved for the three cases studied, 
the '4 '[622?] and '/* -[734?] orbitals, are nearly pure 
single-particle states. We have estimated the half-life of 
the proposed 5/2 '1622fJ state5 at  200 keV in 'No, 
which is populated in the alpha decay of 104, to be 
-12 psec. This half-life may be determiried in a manner 
similar to  those of the other N = 15 1 cases and should 
provide further insight to  the '/* ' [622?]  -+ '/" -[734?] 
M 2  transitions. 

1. Electroiiuclear Division. 
2. Neutron Physics Division. 
3. A .  Clietharn-Strode, Jr.,  e t  a]., Nucl. Phphys. .A 107, 645 

4 .  I. Ahinad e t  al.,Phyc Kt-v.  164. 1537 (1967) .  
5 .  C. E. Bemil;. Jr.,  P. t.'. Dittrier, D. C. Henrley, c. D. 

Goodman, arid K. J .  Silva, "The Alpha Decay of 2 5 5 N 0  arid 
States in 2 5  'Fm," the preceding contribution, this report. 

6. R .  S, Hdger and E. C. Seltzer, A'ucl. Data, Sect .  il 4, 1 
( 1  968). 

7. B. Chi,Nucl. Phys. 83, 97 (1966). 

(1368). 

THE NEW NUCLIDE 9No' 

P. F. Dittner 
P. J .  Ilammons 

R. J. Silva 
M.  L. Malloiy 

0. L. Keller 

Nobelium-255, with a half-life of 185 sec, was the 
longest-lived isotope of elenien t 102 known; however, 

seniieinpirical correlations of alpha, beta, and sponta- 
neous-fission decay half-lives for the heaviest elements 
suggest an order-of-magnitude longer half-life for 
2 5  'No. A longer-lived isotope would be extremely 
valuable for carrying out further chemical studies on 
nobelium; therefore, a search for a new, long-lived 
alpha-emitting isotope o f  element 102 with mass 259 
has been carried out through bombardment of 2 4  'Cm 
with "80 ions from the Oak Ridge Isochronous 
Cyclotron via tlie ( I  * O,a3n) reaction. 

A 350-pg/cm2 target of 248Cm was prepared by 
electrodeposition of the curium nitrate from an iso- 
propyl alcohol solution onto a '/? mil-thick Be backing 
foil and converted to the oxide by heating to -600°C. 
The 1yU5+-ion beam was collimated to the target area 
(0.2s cm2) and degraded from 123 MeV t o  desired 
energies between 88 and 106 MeV with Be foils. The 
product at.onis recoiling from the target were stopped in 
tie and collected by "gas jet" onto a platinum catcher 
foil on the end of a rabbit. The foil could be 
pneumatically transferred to the laboratory area in a 
few seconds for alpha-particle energy analysis. 

The bombardment, gas-jet collection, and rabbit 
systems, iis well as the basic electronic system, used in 
these experiments have been described elsewliere.2 The 
energy resolution of the alpha detection system was 
about 25 keV FWHM a t  22% geometry. 

Figure 2 .I 9 shows an alpha-particle energy spectrum 
accumulated from eight 2-111 bombardments of tlie 
target with 97-MeV oxygen ions. This bombarding 
energy produced the highest yield of product (-20 
counts per particle-microampere-ti[)ur~. We believe tlie 
rather broad peak at 7.52 MeV is due to 2 5  'No decay. 
The peaks at 7.60 and '7.68 MeV are also thought to be 
associated with " 9No. The half-life was determined to 
be 1.5 t 0.5 hr, as also shown in Fig. 2.19. This activity 
was not produced when the target was bombarded with 
I 2 C  and ions; however. in the latter cax ,  2 5 7 N o  
from the ( I  O,cu3n) reaction was observed. 

The long half-life allowed us to carry out chemical 
separation of the nobelium from other elements pro- 
duced in the target using cation-exchange column 
techniques. Figure 2.20 shows preliminary results on 
the elution position of tlie 7.52-MeV alpha activity 
relative to  Y, Ba? Sr, and Fm using 3 hl ammonium 
a-hydroxyisobutyrate (pH 5.0) as eluent. The Fm was 
produced in the bombardment from the (' '0;2nwnj 
reaction, while r 3 3 B a ,  90Sr,  and '"Y were added in 
tracer quantities. The arrow indicates the expected 
elution position for nobelium relative to the tracers 
from 3 2-mm-diam by 2-cm-lotig b w e x  50-X12 resin 
bed heated t o  75OC.' 
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Fig. 2.19. Alpha-particle energy spectra accumulated from bombardments of 248Cm with 97-MeV "0 ions. ,41sc shown is the 
half-life derived from the time distribution of the 7.50- to 7.68-MeV alpha-particle goups.  
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Fig. 2.20. Cation exchange column elution of the 7.52-MeV 
alpha activity arid tracer quantities of elements of goups I1 (SI, 
Br) nnd 111 (Y. Fm) uf the chemical periodic table. The arrow 
indicates the expected elution position for element 102. 

The eneigy and half-life of the 7.52-MeV alpha 
activity agree reasonably well with those expected4 for 
2 5 9 N ~  assuming decay to excited nuclear states. The 
ground state of "No is expected t o  be 'i2 + from the 
odd 157th neutron in the [615.1] Nilsson level, as is the 
case with 2 5 7 F m .  The ground state of the daughter, 
'"Fm, is '/,'[613t]. One expects alpha decay be- 
tween different Nilsson states to be hindered, while 
favored decay should take place to an excited 
y/2'[615.1] level in 2 5 5 F m .  From 2 5 7 F m  decay, this 
stat? is known to be at about 250 keV above ground 
state in 2 s 3 C f .  The alpha group a t  7.68 MeV could 
possibly be the hindered ground-state-to-ground-state 
band decay in * 9No.  

From the trends in spontaiieous-fission half-lives given 
by even-even nuclides, one might have expected a much 
shorter half-life for 2 5 9 N ~  than observed due t o  
spontaneous-fission decay; however, odd-A nuclides 
also experience a retardation in spontaneous-fission 
decay lifetimes. In particular, unusually large hindrance 
factors (-1 0' -1 0' ) over even-even trends seem to 
be associated with N ;; 157 nuclides (* ' 71;m,2 ' 104) 
compared with the hindrance factors of 10'- I O 7  for 
most other odd-A or odd-odd-type nuclides. 

The alpha-particle energy of 7.52 MeV corresponds to 
a decay energy ((I,,) of 7.64 MeV. The partial alpha 
half-life for unhindered decay calculated from this Q, i s  
1.4'7 hr,' ' in good agreement with the observed value. 
Apparently electron capture and spontaneous fission 
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are not significant competing modes of decay; however, 
only a very cursoiy search has been made. 

Work is in progress to study chemically separated 
samples in more detail and to establish the genetic 
linkage between the proposed 2 s y N o  and i t s  decay 
daughter, j S  Fni. 

I_.__- 

1. A similar contribution has appeared in Electromcl. Diu.  
Anriu. Proq .  Rep. Dec. 31, 1970, OKN1,-4649, p. 72.  

2. R .  J .  Silva et id., Phys. Rev. C 2, 1948 (197U). 
3 .  J. Maly et al., Science 160, 1114 (1968). 
4. V. E. Viola, Jr., and C. ?'. Seaborg, .I: Irzorg. NzicZ. Chenz. 

28, 741 (1966). 
5. J. 0. Iiasrnussen and C. J .  Gallagher, J. I P I O Y ~ .  Nucf. Qiem. 

3,  333 (1957). Calculated values were nornialized to  fit 
half-lives of known even-even alpha emitters in this region. 
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SEARCH FOR ELEMENT 106 

K. D. Ehyhari' 
C. E Uemis, Jr. 
P. F. Dittner 
I; Eichler M. L Mallory 
C D Goodinm' 

R. L. Hahn 
1). C. Henslcy2 
0. L. Kellei 

R. J. Silva 

The development of high-energy and high-intenaity 
beams of oxygen ions at the OKIC and the availablllty 
of relatively large quantities of 2 4 0 C f  produced a t  the 
HFlR and Trmsuranium Processlng Plant have made it 
possible i o  w r c h  for the new element 106 via the 
2 4 9 cf(1 8 )2 6 3 106 ieaction. In  order to szdrch for 

new elements, it is essential to have reasonably sccurate 

ORN 1 - D WG 70 - 1 4 5 8 8 A  
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Fig. 2.21. Alpha-decay half-lives as a function of neutron number for even-% transuranium nuclides. The solid lines connect 
even-even nuclide points, while the dotted lines are predicted trends. 
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predictions of their half-lives and production cross 
sections; it i s  virtually impossible to design experiments 
without them, and they are frequently the key to  
success. 

Figuies 2.2 1 and 2.22 show plots of experimentally 
determined alpha and spontaneous-fission half-lives for a 
number of transuranium elements. The data are most 
conveniently presented as  a series of two-dimensional 
plots. each of constailt atomic number, of the half-lives 
as a function of neutron number. The most smoothly 
varying correlations are obtained for plots of nuclei 
with even numbers of protons and neutrons. In all 
cases, varying degrees of retardation in alpha and 
spontaneous-fission decay are exhibited by nuclei with 
odd numbers of protons and/or neutrons due to the 
effect offlie unpaired particles. 

As can be seen in Figs. 2.21 and 2.22; for a given 2, 
alpha-decay half-lives increase (i.e., alpha-decay energies 
decrease) wliile spontaneous-fission half-lives decrease 
with increasing neutron number above the N = 152 
subshell. The selection of 106 as the best candidate 
(longest lived) for our search results from a compromise 

between these two effects. We estimate the energy of 
the most prominent alpha-particle group in the decay of 
2 6  106 to be 9.25 1 0.25 MeV, giving a partial alpha 
half-life between 100 msec and 2 sec. Assuming the 
same spontaneous-fission retardation factor ( I O '  O -~ 

10") for 263106 as is observed for the o the rN= 157 
nuclidec. that is, 2 5  7 F m  , 2 5 9 N o ,  and 261104,  we 
estimate a partial half-life for spontaneous fission of a 
few seconds. The electron-capture half-life is expected 
to be several hours.3 

The most successful predictions of heavy-ion cross 
sections for the prodiiction of the heaviest elements are 
due to the scheme of S i k k ~ l a n d . ~  Figure 2.23 shows 
computer-calci?lated excitation functions for the reac- 
tion 9Cf(' 'Oxn) to produce isotopes of element 
106. (These estimates are usually good t o  a factor of 3.) 
The peak production cross section for 2 6 3  106 is 
predicted to be 2 X cm2 at a bombarding energy 
of 97 MeV. Irradiating a 450-pg/ctnz iarget of 249Cf  
with 0.5 particle-pA of " 0 ,  one can hope to  produce 
approximately 40 atorns/day; however, somewhat fewer 
than half are measurable due to counting geometry and 
mechanical losses of our present system. 

Using our recoil gas-jet ~ y s t e m , ~  modified to observe 
very short half-life activities ( T I / ?  < 100 msec), we 
have made a preliminary search for an alpha-emitting 
isotope of element 106 with the properties discussed 
above. Unfortunately, short-lived neutron-deficient iso- 

NEUTRON NUMBER 
E (LAB)  , MeV 

Fig. 2.22. Spontaneoiis-fissioii decay half-lives as a function 
of neutron number for even-Z transuranium elements. 'The solid 
lines connect even-even nuclide points, while the dotted lines 
are predicted trend$. 

Pig. 2.23. Corriputer-calciilated excitation functions for the 
249Cf(1s0&n)26'FX 106 reactions. Numbers on CUNCS are the 
number of neutrons. 
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topes of elements in the Pb to Th regiorr, produced 
from snlaIl amounts of impurities in the target, gave rise 
to  background peaks in the 9.0-to-9.5-MeV energy 
range and obscured the few everits expected for the 
decay of 2 h  106. 

Experiments are now being directed toward develop- 
ment of a capillary system6 f o r  the rapid transport of 
the product atoms several feet from the bornbardmerit 
assembly inlo a shielded area where more sophisticated 
coincidence experiments (alpha--x-ray or parent- 
claughterj or fast gas-phase chemical separaiions may be 
carried out to select from the background and identify 
the activity due to element 106. 

I. Chemical Teetinology Division. 
2. Electronuclear Divjsion. 
3 .  V. E. Viola, Jr.. and G. T. Seaborg, J.  Inorg. Nucl. Chern. 

4.  1'. Sikkeland, A. Ghiorso, and M. Nurmia, Pliys. Rev. 172, 

5 .  R. L. Hatin, Chern. Div. Antiu. Prug. Rep. May 20, 1968. 

E .  K. 13. Mac1':irlane et  al., Nucl. Instrum. ilfethods 73, 285 

28, b97 (1966). 

1232 (1968). 

OKNL-4306, p. 37. 

(1969). 

RADIOACTIVITY ASSOCIATED WITH 
PLEOCHROIC HALOS 

R. V. Gentry' J. W. Royle 

The identification of various types of radioactivity 
associated with pleochroic halos  IS until recently been 
primarily a problem o f  relating halo ring radii with 
energies of known alpha emitters. Autoradiographic 
siudies, alpha-recoil, arid fission-track tecfiniques have 
also been utilized as secondary analytical techniques. 
Even so, several halo sizes which cannot be directly 
related to  known alpha emitters still exist. Giant halos 
with radii more than twice as large as normal radii have 
been found and subsequently reported.' I f  llie giant 
halos did indeed arise from alpha activity, the energies 
involved range to about I S  MeV 01- more. Dwarf halos 
with radii much less than nornial radii have also bcen 
found. Like the giant halos the dwarf halos are 
extreniely rare, and their known occurrence is limited 
to  very specific sites. In the case of the dwarf halos, if 
they arise from alpha radioactivity, the radii imply the 
existerice not only of alpha emission less than I MeV, 
but of several different alpha energies in the 1-to-3-MeV 
range, which apparently cannot be attributed to any 
known alpha emitiers. An intriguing question is 
whether the scattered reports of very low-energy alpha 

activity over the h s l  40 yzarr can be related to the 
origin of tlie dwarf halos These possibilities have been 
described in inore detaiL3 Improved autoradiogtaphic 
techniques as well as alpha-particle spectr oscopy ate 
planned to  ascertain whether veiy low-energy alpha 
activity is present in cei tain samples containing ihe 
dwarf halos. Also, the newly developed ion microprobe 
rtidss spectrometer shuws promise of being capable of 
arialyiing the isotopic as well as the elenietitdl coinposi- 
tion o f  even the very small halo inclusions Isotopic 
analyses of polonium hale inclusion5 using the ion 
microprobe have revealed Pb isotopic iatios differing 
from any previously reported vdlues. Appaiently large 
isotopic variations are Io~ked  within very siriall halo 
inclusions.? 

1. Visiting scientist from the Institute of Planetary Science, 
Columbia Union College, Tnkoma Park, Md. 

2. R. V. Gzntry, Science 169, 670 ( 1  970). 
3. K. V. Gentry. Science (in press). 

SEARCH FOR SUPERHEAVY ELEMENTS 
IN NATURE 

J. S. Drury D. A. Lee 

The search for aiperheavy elements in nature con- 
tinued along seveial lines of  endeavoi 

Field trips weie made to southwest Colorado and 
Ontario to obtain Ldrge (100-lb) samples of oies and 
niiU concentrates for use i n  the new O W L  neutron 
multiplicity counter.' 'Thirty-one hundied pounds of 
lead, zinc, copper, dver ,  and gold ores and mill 
concentrates weie obtained from the Ernperius and 
Honiestake Mines at Creede, Colorado, the Ihxilyn 
Operdtions and the American S tandard Metals Com- 
pany at Silverton, Colorado, and the Iclarado Mine a t  
Telluride, Colorado. In tlie Sudbury basin, samples of 
pentlandite, chalcopyrite. pyrrhotite, and iiorite were 
ob taiiied from the following mines: Totten, Creighton, 
Copper Cliff Noith, Claiabelle, Frood-Stobie, Falcon- 
bridge, Maclennan. Sti athcona, and Levdck. One- 
hundred-pound samples of ole concentrates were also 
ob tdined fiom the following mills Frood-Stobie, 
Creighton, Levack, Copper Cliff, Coniston, Falcon- 
bridge, and Strathcona bust samples of similar amount 
were obtained from smelters located d t  Copper Cliff, 
Coniston, Falconbridge, and Stiathcona. In addition, 
approximately 150 Ib of rock were collected at the 
abandoned Vermillion Mine, where simples of high 
precious metal content (sperrylite) had recently been 
found. In  all, about I10 samples, weightng approxt- 
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mately 5.5 tons, were ohtained for the Neutron 
Multiplicity Counting Program.’ 

In another phase of the search, samples of the 
following ores or minerals were examined, by means of 
the “fire-assay” technique and spontaneous-fission 
~ o u n t i n g , ~  for the presence of superheavy elements 
more noble than silver: 

Sample 

Amphibole 

Barite 
Basalt 

C halocite 
Chromite 

Columbite 
Enstatite 
Gabbro 

Ilmenite 
Magnetite 
Peridotite 
Psilomelane 
Pyrolusite 
Pyrrhotite 
Rutile 

Source 

Chvaletice, Bohemia, and San Heiiito County, 

Potasi, Mo. 
Laacher See, Germany, Falkensten. Norway, 

I h z .  Germany, and Pisgah Crater. Calif. 
Superior, Ark 
Transvaal, South Africa, and Southern 

Rhodesia 
Keystone, S.D. 
Noiway and Nye County, Mont. 
San Diego County, Calif., and Wichita 

Hoback Range, Wyo., and St. Urbain, Canada 
Marmora, Canada 
Lowell, Vt. 
Dona Ana County, N.M. 
Lake Valley, N.M. 
Sudbury, Canada 
Nelson County, Va. 

Calif. 

Mountains, Okla. 

Among the ores and minerals collected were some 
which were mechanically amenable to the analytical 
procedures described above but which seemed likely, on 
the basis of present theory, to contain superheavy 
elements less noble t.han gold (e.g., 114-120). These 
samples should not benefit from the fire-assay concen- 
tration step if the chemical properties of the superheavy 
elements are as presently predicted. Nevertheless, we 
chose to process these samples on the grounds that the 
present state of the art of predicting the chemical 
properties of the superheavy elements is at best 
uncertain. This set of samples included: 

Sample Source 

Celestite Torreon, Mexico 
Gadolinite Norway 
Galena Galena, Kan. 
Molybdenite Climax, Colo. 
Monazite Elk Mountain, N.M. 
Stibnite San Renito County, Calif. 
Strontianite Hamm, Westphalia 

No evidence for spontaneous fission was detected in 
any of the foregoing samples. 

Although ekaosmium (108) should occur in ultrabasic 
rocks with the platinum metal group, there is some 
question that such samples could be concentrated and 

detected via the fire-assay technique because of the 
expected volatility of the tetroxide. For this reason we 
developed a wet chemical method to concentrate 
element 108 in our samples. The various ores were 
pulverized and placed in a. still4 with 350 pg of osmium 
and a mixture of mineral acids. The volatile osmiuni 
tetroxide (and presumably the tetroxide of ekaosmium, 
if present) distilled and was collected in traps contain- 
ing various liquids: of which water appeared to be most 
satisfactory. These solutions were electrolyzed to de- 
posit osmium on nickel disks for fission counting. 
Samples processed in this manner included: basalt, 
chromite, columbite, enstatite, gadolinite, magnetite, 
mnazi te ,  peridotite, pyrolusite, rutile, and stibnite 
from sources previously identified. In addition, chal- 
copyrite from the Falconbridge Mine, Sudbury, Canada, 
was processed, as well as biotite samples from a 
Norwegian yiiarry and sinter-treated dust from a West., 
ern lead processing plant. No fission activity was 
observed in any of these samples. 

Element 119 (ekafrancium) is expected to have 
properties resembling the alkali metals. Several Norwe- 
gian micas containing numerous pleochroic halos weie 
thought to be potenfially interesting sources for this 
element. These samples were processed as follows. The 
mineral was treated with HF to remove silica and yield 
soluble alkali metal fluorides. The latter were leached 
from the residues with water and precipitated with 
sodium tetraphenylboron. This precipitate was dis- 
solved in acetone and treated with hydrochloric acid to 
decompose the complex. The wa ter-immiscible phenyl- 
boron was extracted with p-xylene, and the alkali metal 
salts in the aqueous phase were evaporated on a disk for 
spontaneous-fission counting. None of the mica samples 
containing pleochroic halos gave evidence of sponta- 
neous fission. 

Element 120 (ekaradium) was sought in minerals 
known to contain alkaline earths. The alkali metals in 
the samples were removed as described above, and the 
residues were leached with HC1. Iron was extracted with 
Adogen-364 (a long-chain tertiary amine) in p-xylene. 
Aluminum, rarc earths, and similar elements were 
precipitated with ammonium hydroxide. The alkaline 
earths were precipitated with ammonium oxalate. After 
ignition and conversion of the alkaline earths to 
nitrates, calcium was extracted with methanol, barium 
was precipitated as the chromate, and the remainder 
was collected as a strontium fraction. Each fraction was 
plated on disks for spontaneous fission counting. The 
ores treated in this manner were strontianite, celestite, 
monazite, rutile, gadolinite, barite, and peridotite, as 
described above. No spontaneous fission was observed 
in these samples. 
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SEARCH FOR SUPERHEAW ELEMENTS 
WITH NEUTRON MULTIPLICITY COUNTERS 

J .  Halperin R. C. Jared’ 
E. Cheifelz’ R. M. Milton3 
J. S. Drury 
R. V. Gentry2 
E. R.  Ciusti’ 

K. L. MackJin4 
R. W. Stoughton 
S. G. Thompson’ 

The following samples were counted for several days 
each in the OKNL ’He multiplicity c o ~ n t e r : ~  1 kg of 
silica gel previously used for sorbing and desorbing gases 
in the Litide plant for producing noble gases; 1 liter of 
gas, which contained an appreciable amount of xenon, 
from the Linde plant; 50 g of mica which contained 
dwarf halos; 130 g of monazite ore which was found 
adjacent to rnica containing giant halos; 15 kg of ore 
from Colorado containing lead sulfide, barium sulfate, 
and sortie gold; and 15 kg o f  flue dust from a copper 
smelter from the Sudbury region in Canada. In addi- 
tion, about 20 kg of each of the following samples were 
sent to  UC-LKL and counted on their neutron multi- 
plicity scintillation counter:6 lead sulfide concentrate 
that has a relatively high ’04Pb content, from Ivigtut, 
Greenland; bastriasite (CeFG03) ore from California; 
and both a copper and a nickel concentrate from a mill 
in the Sudbury region in Caniida. None of the above 
sarnples showed multiple neutron counts in excess of 
background, which, in the case of the latter four 
samples, indicates a spontaneous-fission half-life of the 
major metallic components in excess of about 5 X 
years. (Alternatively, if the half-life of the superheavy 
elemen1 is io9 years, an  upper Limit of 1 0 - ’ ~ g  o f  
superheavy element per gram of sample is indicated.) 

Recently Evlarinov and coworkers7 chenlically sepa- 
rated various fractions from a tungsten target irradiated 
with 10’ protons of24 GeV at CERN. In the mercury 
fraction they found 93 fission fragment counts in 37 
days which they thought nlight result from spont.aneous 
fission of an isotope of  ekamercury. Because of these 
findings, colleagues at  BNL sent us two tungsten targets 
which had been irradiated with about lo1 protons of 

28 GeV. With the lower irradiation, we did not expect 
to see any multiple neutron events whether or not 
Marinov and coworkers7 correctly interpreLed their 
results. Indeed, we did not see any neutron events 
above background. 

We shall continue our search for superheavy elements 
both in nature and in accelerator targets. 

1. Lawrence Radiation Laboratory, University of California, 

2. Visiting scientist from the Institute of Planetary Science, 

3. Union Carbide Cork’., Linde Laboratories, ‘Tarrytown, N.Y. 
4. Physics Division. 
5. R.  L. Macklin, F. M. Glass, J. Halpenn. R. T. Roseberry, 

R. W. Stoughton. and M. Tobias, “Neutron Multiplicity 
Counter,” another contribution in this chapter, this report. 

6. The UC-LKL neutron multiplicity counter is located 800 
f t  underground; it has a lower multiple-neutron background 
than the ORNL counter because of this greater shielding against 
cosmic-ray muons which, in striking large saniples containing 
materials of relatively high atomic number, give rise to countable 
multiple-neutron events. 

7.  A. Marinov et  al., Natrrre (London) 229, 464 (1971). 

Berkeley. 

Columbia Union College, Takoma Park, Md. 

ELECTRON-TRANSFER ANDf-+,d ABSORPTION 
BANDS OF SOME LANTHANIDE AND ACTINIDE 

0XIT)ATION POTENTIALS FOR EACH MEMBER 
OF THE LANTHANIDE AND ACTINIDE SERIES’ 

COMPLEXES AND THE STANDARD Ill-IV 

I,. J. Nugent 
K. D. Baybai? 

J. L. Burnet13 
J. L. Ryan4 

Best values for the standard 111-IV oxidation poten- 
tials f o r  each member of the lanthardde series and for 
each member o f  the actinide series are obtained from a 
variety of sources, namely, from t h e  direct electrode 
measurements reported in the literature, from linear 
plots of electron-transfer absorption band energy for 
various Ln(IV) arid ,4n(lV) complexes vs the respective 
111-IV potential, frorn linear plots o f f  -+ d absorption 
band energy for various Ln(I11) and An(ll1) complexes 
vs the respective 111-IV potential, and from theoretical 
correlations using refined electron-jpin-pairing-energy 
theory. Two major results o f  this work are: ( 1 )  the M 
II[-IV potentials for M = C‘m, Cf, Pr, and ‘Tb are all 
within -3.2 k 0.3 V, and (2) the iritlication that the 
unknown oxidation states Cf(lV), Es(IV), PmiiV), 
Sm(lV), Fni(IV), and possibly Md(lV), listed in the 
order of decreasing stability, may be stabilized in 
various media. Altogether, the results are in excellent 
accord with the actinide hypothesis. 
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SOLUTION ABSORPTION SPECTRA OF Bk(Uf) 
AND Bk(1V) AND THE FORMAL POTENTIAL 

IN SEVEKAL M E I X 4 ’  
OF THE Bk(1V)-Bk(1ll) COUPLE 

R. D. Baybarz’ J .  R. Stoke!y3 
J .  R Peterson4 

The absorption spectrum of Bk(I1I) in 1 M DC104 ~ 

99.9% D 2 0  was studied over the spectral region 200 to  
1700 nm. Thirteen new absorption bands below 320 
nni, including the previously unreported f -+ d transi- 
tion bands at 242 and 212 nm, were observed. The 
absorption spectra of electrolytically produced Bk(1V) 
in 1 11.1 IIC104, 1 izf H, SO4, 2 M K, C 0 3 ,  7.5 M H3P04,  
and in 0.5 1l.I di(2-ethy1hexyl)phosphoric acid in dode- 
cane were also investigated. ‘The Sk(lV) spectrum was 
found to be characterized by a very strong election 
tiarisfer band at -280 nm and only weak bands, 
corresponding to “forbidden” f + f transitions, in the 
visible wavelength region. Molar absorptivities were 
determined for the various bands in both the Bk(II1) 
and Bk(1V) spectra. These Bk(1V) spcctral determina- 
tions were made i n  conjunction with direct potentio- 
metric measurements of the formal reduction potential of 
the Bk(IV)-Bk(IIl) couple in the various aqueous media 
mentioned above, as well as in 1 M I fN03.  ’lhe values 
derived from the appiopriate Nernst equation plots 
range from t l .30 V vs S.C.E. in 1 . O M  MC104 to +0.02 
V in 2 M K, CO, . 

1. Abstract of paper subiiiitted to J.  1tzoig. Nucl. Chenz. 
2. Chemical Technology Division. 
3. Analytical Chemistry Division. 
4. Consultant: Department of Chemistry, University of Ten- 

nessee, Knoxville. 

THIOCYANATE COMPLEXES 
OF TRIVALENT ACTINIDES’ 

H. D. Harmon‘ 
W. J .  McDowel13 

C. F. Coleman3 
J.  R. Peterson4 

Study of the aqueous thiocyanate complexes of the 
trivalent transplutonium actinides’ continued by means 
of distribution equilibria with the cation-exchange 
extractant di(2-ethylhexyl)phosphoric acid (HDEHP). 
The resulting values of the overall formation constants 
for the mono-, di-, and trithiocyanate complexes in 

sodium thiocyanate-sodium perchlorate solution at 
constant ionic strength (Z = 1 )  are listed in Table 2.29. 
These formation constants, pl, /3,, and p 3 ,  are defined 
by : 

Previous workers have not reported formation con- 
stants for all three complexes and have not agreed on 
the species identified. One report gave p1 aiid 0, for Pu, 
Am, Cm, and Cf,6 while two others gave and &, for 
Am7’’ and Cm.’ The error limits given in Table 2.29 
are the standard deviation of fitting of each constant tu 
the distribution data. ‘The large error limits for the 
dithiocyanate complexes leave questionable the true 
existence of that complex species; at present our pz 
values can only be considered approximate upper h i t s .  

Plots of /3 vs Z were examined for the “tetrad 
effect .”9i10~’1 The tetrad grouping from curium to 

einsteinium is apparent in P 3  (Fig. 2.24) but not in P I  
or 0, (Fig. 2.25). This sugests that bonding signifi- 
cantly affecting the 5f electroris occurs in the tri- but 
not the mono- or dithiocyanate complexes. This in iurir 
is consistent with the trithiocyanate complex being 
inner sphere and the mono- and dithiocyanate coni- 
plexes being outer sphere.6 

Returning to  the appiilwlt values for flz (Fig. 2.25), if 
this species does indeed exist, the extent of its 
formation decreases with increasing atomic number 
from americium i o  einsteinium. This might suggest ihat 
the degi-ee of covalent bonding iiicreases with Z ,  causing 
a relative decrease in the tendency to form outer-sphere 
complexes, In support of this suggestion, it may be 
noted that rate coilslants fCJi- the hydration of trivalent 
lanthanide ions change rapidly in the analogous region 
Eu-Gd-Tb and that this has been interpreted as a sharp 
decrease in coordination number.’ ’ 

Table 2.29. Forination constants for thiocyanate complexes 
of trivalent actinides 

Aqueous NaSCN-NaC104 solution, ionic strength = 1, 
pH -= 2; error limit is the standard deviation of fitting 

PI P2 0 3  
~ ......... ~. ~.~ . ~ ........... ....... ~- .~~ ~ . 

Americium 2.3 * 0.1 1.1 k0.4 0.69 ?- 0.28 
Curium 2.8 f 0.2 0.9 k 0.6 0.84 I Q . 4 7  

2.3 k 0.6 Berkelium 3.1 f 0.2 0.3 2 0.7 
Californium 3.7 * 0.2 0.3 t 0.6 2.6 k 0.5 
Einsteinium 3.6 k 0.2 0.04 f 0.71 2.9 L 0.5 
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Am C m 3 k  C f  ES 

Fig. 2.24. Formation constant fi3 for actinide hithiocyanate 
complexes, showing "tehad effect." Ionic strength is constant 
at J M (NaSCN + NaC104), pH 2.  The error bars represent the 
standard deviation of fitting of each formation constant to the 
solvent extraction distribution data. 

W N L - D W G  71-551 

Fig. 2.25. Formation condants 131 and 02 for actinide mono 
and dithtocyanate complexes. Actinium points from ref. 13. 

The values for PI  increase slightly with Z. It IS of 
interest to  note that a straight line thiough these log pi 
poirits (Fig. 2.25) also passes thiough the log PI point 
for Ac(SCN)'*.' This IS consistent with the concept 
that the monothiocyanates are outer-sphere complexes 
with stability dependent on electrostatic forces. This 
suggests extiapolation of the same line for prediction of 
PI  values for tbe tnorioth tocyanate complexes of the 
actinides beyond einsteinium. 
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THERMODYNAMIC SYSTEMATICS AMONG 
THE MEMBERS OF THE LAWTHANtDE 

AND ACTINIDE SERIES' 

L. J. Nugent J. L. Burnett2 
L. R. Morss3 

The thermodynatnic data fur the lanthanide and 
actinide metals (M) can be combined with the relative 
energies of the two lowest electrotlic conGgurations of 
the neutral gaseous atoms and the aqueous M 111-IV 
oxidation potentials to  show that systematic relation- 
ships exist which account for ihe irregular variations in 
the heats of formation N j ~ [ h f ( I f l ) a q ]  and AH; 
[M(IV)aq] as a functioti i f  atomic number. The 
observed systematics provides a check on some o f  the 
previously reported thermodynamic properties for the 
members of these series, and it provides a basis for the 

each case where this information is not otherwise 
known. 

d ~ u l a t i 0 i 1  of M 1 . O  [M(IlI),,] a11d AHfo [ t ~ l ( l V ) ~ ~ ]  in 

-_ 

1 .  'To be submitted to J. Chcni. l'hlrrnwdyn. 
2. Present address: Division of Research, U.S. Atomic Energy 

3. Department of Chemistry, Purdue University, L.afayette, 
Commission, Washington, D.C. 

lnd. 

THEORETICAL TREATMENT OF THE ENERGY 
DIFFERENCES SETWEENfqd's2 A N D P  ' 152 

ELECTRON CONFIGURATIONS FOR LAVTHANIDE 
AND ACTmIDE ATOMIC VAPORS' 

L. J. Nugent K. I... Winder Sluis2 

The difference between the lowest energy level of the 
f4d is2 elect] on configurdtton and the lowesl energy 
level of rhe fq+ Is2 electron configuration for 1 tie metal 
vapors of nine members of the lanthanide series and 
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four members of the actinide series are shown to be 
neatly and simply correlated by an adaptation of 
refined electron -spin-pairingenergy theory. The theory 
is also used to extrapolate the corresponding energy 
differences for those lanthanide and actinide metal 
vapors where this information was previously undeter- 
mined. The results are helpful as a guide in making 
spectral assignments and are generally useful in correlat- 
ing the thermodynamic properties of the chemical 
compounds of the lanthanide and actinide series. The 
theoretical basis of the treatment should also be 
applicable for correlating the relative energies of other 
electron configurations in these metal atoms and ions. 

~ 

1. To appear in August issue of J. Opt .  SOC. Amer. (1971). 
2. Physics Division. 

ELECTRON SPECTWOkETRY OF ACTINIDES 
AND ACTINIDE COMPO[JIVL)S 

M. 0. Krause F. Wuilleumier' 

A double-focusing electrostatic energy analyzer has 
been installed at the Transuranium Research Labora- 
tory and adapted to  the special requirements imposed 
by the hazards of handling transuranium elements. In 
particular, the source chamber and the sample-loading 
chamber have been redesigned and rehuilt . 

With the present instrument the electronic structure 
of the actinides and their compounds can be studied. 
using as probes either x rays of 1 to 2 keV energy, x 
rays of 100 to 200 eV, resonance radiation between 10 
and 40 eV from gas discharges, or electrons over a wide 
range of energies. In addition, transitions between 
lightly bound electronic levels can be measurcd by 
converting the electron energy analyzer into a unique 
ultrasoft x-ray spectrometer .2 The capability of the 
instrument is illustrated by way of the Au 4f (Mg Ka)  
and Pt 4f (Mg Ka)  photoelectron lines which are 
plotted in Fig. 2.26. An effective resolution of about 1 
eV (FWI-IM) can be achieved using the Mg Ka doublet, 
width 0.65 eV, and an instrumental resolution of AE/E 
= 0.05%. 

'4s part of the program of determining binding 
energies of electrons in elements beyond Pu, we have 
obtained preliminary results on binding energies of the 
N, 0, P, and Q electrons of Am. Figure 2.27 shows as 
an example the clfdoublet repiesented as the Am 4f(Al 
Ka)  photolines, which are 14.3(1) eV apart. 'Theoretical 
values of the spin splitting, 14.1 eV,3 14.4 eV," or 15.3 
eV,' compare favorably with the experimental deter- 
mination, while values froin theory and semiempirical 

extrapolations6 of the binding energies lie somewhat 
above our expeririieiital values of E(N,) = 463.6(5) eV 
and E(N7)  = 449.3(5) eV. Deviations of 10 to  20 eV 
have been found for other level energies of Am which 
have been measured so far. Wien experimental and 
theoretical results are compared, we should remember 
that theory produces level energies of free a t o m  
referred to  the vacuum level, while experiments such as 
ours yield level energies of bound atoms referred to the 
Fermi level. As a consequence, theoretical values should 
lie above experimental values by  2 to  6 eV. Additional 
differences can arise from chemical shifts of core 
electron levels depending upon the chemical compound 
investigated. In this experiment, americium i s  believed 
to be present as Am(OH)3 with a possible small 
admixture of the sesquioxide. Although measurement 
of level energies of Am in various compounds and in its 
metallic state are of intrinsic value, a rigorous test of 
theory will have to come from an experiment involving 
free Am atoms. Such an experirmnt of the photoioniza- 
tion of Am vapor is being prepared. 
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Fig. 2.26, The 4f doublets of AM and Pt excited by Mg K a  x 
rays. AEIE = 0.05%. 
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Fig. 2.27. The 4j’doubIet of Am excited by A1 Kru x rays. A 
sample of 25 fig of ”IAm w a s  electrodeposited on Pt  as 
Arn(OI-I),. &-/E = 0.16% 

In investigating the actinides ;I major interest centers 
around the identification of the 5f  electrons which niay 
appear as “atomic states,” as “pure bands,” or  as 
“‘hybridized bands,” depending upon the chenlical 
state. Iii the gaseous state the angular morneni um 
quantum is best inferred from angular tlistribution 
measurements of photoelectrons; in the solid state it 
must be deduced, however, from the variation it1 energy 
of photciiori2Lation cross sections. Cross sections, (I, for  
electrons with different I numbers often vary in a 
characteristic manner, and, in f’act , vary quite distinctly 
for Sf electrons in the range from threshold to  about 
200 eV. For example, according to a free-atom model 
ca l~ula t ion ,~  us,f for Z = 99 rises rapidly from a small 
value of 2 Mb at 30 eV to 20 Mb at 90 eV and then 
drops off t o  less than 1 Mb near 200 eV. It is this 
possibility to identiry orbitals, especially the 5forbitals, 
by the energy dependence of u ttlat led us to search for 
good pliotoii sources in the range froni 100 to 200 eV. 
Narrow and iritense lines, ttie A4{ x rays, shown in Fig. 
2.28, were found in the elements Y, Zr, Nb, arid Mo. In 
;I first utilizalion8 of these lines we were able to study 
with accuracy the photoexcitatioo of a K electron of 
He to the L level concomitant with the photoionization 
of the other K electron, which is a process having the 
snlall cross section of about 1 kb between 100 and 200 
eV. X-ray transitions offer additional ini‘ormation on 
electronic structure and dynamics, and soft x-ray 
emission spectra are particularly useful in complement- 
ing photoelectron spectra of the band structure of 
solids. As implicitly contained in Fig. 2.28 or in any 
other photoelectroo spectrum, such spectra represent 
images of the x-ray spectra of the excitatioti source, and 
the electron spectroineter has assunled the role of an 
x-ray spectrometer. Simply speaking, instead of fixing 
x-ray energy, hu, afid deducing electron binding energy, 
E,, from the measured kinetic energy Ekj, of the 
photoelectron according to Ekin = tzu --- E,, we now fix 

by choosing a certain level of  an appropriate 

ORNL-DWG 7(-14Lb 
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Fig. 2.28. Ne Zp (X IMP) photolines, X = Y, ZT, Nb, and Mo. 1 hew proiiles hear close resemblance to the corresportdlng Mc x-ray 
profiles AE/B = 0.15%, hstrurnentdl window mdiLdted inside peaks. 
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conveiter atom and deduce hv fromBkln. l'he relation- 
ship between photoelectron Fpectrum fe db- and x-ray 
spectrum f, dE is given by 

where 

G = geometry factor of source-converter-ana- 

N = number of converter atoms, 

T =  transmission of window between source and 

lyzer setup, 

converler, 

q= detector efficiency, 

Ee = energy of photoelectron, 

"".I I = differential photoionization cross section of 
nl subshell of selected converter atom at 
angle Q between photon and photoelectron 
direction. 

' 

Since it is possible to determine the above quantities 
with accuracy, we have available a unique x-ray 
spectrometer of well-known characteristics. This instru- 
ment has advantages especially in the soft and ultrasoft 
x-ray region where an atomic subshell id of narrow 
width and large un1 can be selected as converter, so that 
a resolution of about 0.1 eV can be obtained. Further- 
more, if an angle of @ = 54.75" is chosen, the 
differential cross section dunl/dKZ can be replaced by 

2 0 0 0  

t500 

- 
a, c 
c 
0 L 

$4000 

3 
0 " 

500 

0 

ORNL- DWG 7 i -  6 7 7 5  

I 
2 2 0  2 2 5  2 30 

X.-R&Y ENERGY (eV)  

Fig. 2.29. X-ray emission band MVcond(p) band of MQ, as 
observed by mcms of the photoelectron spectrum Ne 2p 
[MV-cond(p) band]. Minor corrections to the spectrum omit- 
ted. AE/E = 0.15% The small contribution of theMIV emission 
band can be seen above 228 eV. 

the total cross section uHl times a constant. It should be 
noted that I ,  dF,' is the spectrum of the x rays as they 
escape the surface of the target into a cone determined 
by the geometry of the setup. 

Figure 2.29 illustrates the use of the analyzer as x-ray 
spectrometer, showing the x-ray band of transitions 
from the M 5  level of Mo to the conduction (p> band. 
Under the assumption of constant transition probabil- 
ities, the plot corresponds t o  the density of the 
electronic states with p symmetry, and it i s  gratifying to 
note for the first time the occurrence of three peaks in 
the spectrum as theory predicts. 

1. Guest scientist from Laboratoire de Chimie Physique de la 
Faculte' des Sciencer de Paris, Paris, France. 

2. M.  0. Krause, Chern. Phys. Lett .  (in press); M. 0. Krause 
and F. Wuilleumier, Phys. Lett. (in press). 

3. T. A. Carlson et al., Eigenvalues, Radio1 Expeciaiion 
Values. and Potentials for Free Aioms from Z = 2 io 126 as 
Calculated from Relativistic Hariree-Fock-Slater Atomic Waluve 
Funcrions. ORN1.-4614 (Deccmber 1970). 
4. T. A. Carlson and B. P. Pullen, Eigenvalues for  Elernenis 

from Z = 2 to 103 in a Good Approximotion io Relativistic 
Harrree-Fock Solutions, ORNL-4393 (April 1969). 

5 .  J. Mann, private communication, 1970. 
6. W. Lotz, J. Opl. Soc. Amer. 60, 204 (1970). 
7. F. Combet-Farnoux, private communication, 1971. 
8. F. Wuilleumier and M. 0. Krause, to be published. 

INTRAMOLECULAR ENERGY TRANSFER AND 
SENSITIZED LUMINESCENCE IN AN EINSTEINIUM 

ELECTRONIC ENERGY L.EVELS OF Es(II1) 
0-DIKETONE CHELATE ANI) THE LOWER-LYING 

L. J.  Nugent 
R. D. Bayharz' 

G .  K. Werner3 
€1. n. Friedman2 

Ultraviolet-light-excited energy transfer and sensitized 

diketone chelate. The measurements and calculations 
show that the first excited (J = 7 )  energy level in the 
5f'O electronic configuration of Es3+ is at 9600 cm-' 
in aqueous 1 M HC104 solution, and this fixes the 
landd parameter cSf{aq) for Es3* near +3600 cm-' . 

luminescence have been induced in an * ' ES~' .  P- 

1. Abstract of published paper, Chem. Phys L e f t  7,  179 

2. Chemical I echnology Ihvision. 
3 .  Physics Division 

( 19 70). 

NONCOVALENT CHAIL4CTER IN 'THE CHEMICAL 
BONDS OF THE LANTHANIDE(II1) AND THE 

CYCLOPENTADIENI DES 

L. J. Nugent 
P. G .  Laubereau' 

G. K. Wernei 
K. L. Vander Sluis3 

The absorption and uv-excited emission spectra of 
several microcrystals of 2 4  8Cm(C5H5)3 have been 
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measured throughout the visible region o f  the spectrum. 
One Iitie group in each spectrum can be clearly assigned 
lo the transition: J = ‘Iz (first excited state) ++- J = 7/ 

(ground state). This group shows a large (-1 680 cm-’ ) 
ligand-field splitting and a baricenter of intensity at 
15,920 cm-’. By comparing the latter with the 
corresponding value Cor Cni(lII)aq, i.he iiephelauxetic 
pttrameter dp for Cm(1l) in Cm(C, H5 )3  is estimated to 
be 0.050 2 0.004; this corresponds to  a covalency in 
ltiese organometallic bonds of about (2.5 t 0.2)$? 
relative to  the corresponding bonds of Cm(III)aq, 
Siiiiilar considerations based on the published4 absorp. 
ticin spectrum of Ani(C,H,j, lead to an organometallic 
bond covalzncy in the latter of about (2.8 f 0.21% 
relative to the corresponding bonds oi  Am(IiI)a~q. 

The above covalencies for Am(C, I& j 3  arid 
Cni(Cs H5)3,  representative of  the actinide series, are 
compared with those for Pr(CsH5)3, Nd(CC51-1s)3, and 
Er(CS H 5 ) 3 ,  representative of the lanthanide series; and 
it IS concluded that dthough the actinides are more 
covalent than the lanthanides, as expected, all of these 
compounds are highly ionic in their organometdlic 
chemical bondins. They should, therefore, be desjg- 
nated as lanthanide or actinide tricyclopentadieriides, 
ral.her than as “tricyclopentadienyls” ;is has been the 
practice among various auiliors in recent publications. 

2 

___...... 

1.  Abstract of published paper, J. Orguiiometal. Chem. 27, 

2. Visiting scientist from the Federal Republic of Germany, 

3. Physics Division. 
4. K. Pappd1ardo, W. r. Carnall, and P. R. Fields, J. Chem 

f‘hys 51,  842 (1969). 

365 (1971). 

Bonn. 
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SAMARIUM TRIINDENIDE: CRYSTAL 
AND MOLECULAR STRZJCTUKE 

P .  G. Laubereaul 
J. 1,. Atwoodl 1. H. Burns 

A preliminary report on the synthesis arid structure 
deterniination of crystals (Pf Srn(C,W7)3 was given last 
year.3 Least-squares refinement of the structural param- 
eters has been completed, and ;I description of the 
results is presented here. 

Figure 2.30 shows one molecule of Sm(C91T7), 
(hydrogen atoms not included), in which it is seen that 
the five-membered rings form an approxiniately trigonal 
array around the Sm atom; the sixmembered rings do 
not obey the trigonal symmetry, probably to achieve 
packing efficiency. The somewhat analogous tricy- 
clopentadienides of lanthanides and actinides are 
ionic,4 and this compound is expected to be also; the 
symmetrical distribution of C-Sin disiances is consistent 
with electrostatic a t t ract iom,.al tho~t~ it does not prove 
it. The Sin-C bonds reporteds to exlst in Sm(CsH5):% 
bear no resemblance to the symmetrical structure 
sliown here. 

Figure 2.3 1 shows how the Sm(C:y€17)3 molecules fill 
the orthorhombic unit cell, and Table 2.30 lists 
iritramolecular distances. 

1. Chcmiqtry Department, University of Alabama, University. 
2. Visiting scientist from the Federal Republic of Germany, 

3 .  J. 1,. Atwood, J. Ii .  Bums,  and P. G. Laubercau, Chem. 

4. L. I. Nugent et al.,J. Orgunomrtul. C’hem. 27, 365 (1971); 

5. C. 1%. Wong, T. Lee, and Y .  Lee, Actu Cr)istdNogr., Sect. B 

Bonn. 

Diu. Annu. Prop. Rep. May 20, 1970, ORNL-4581, p. 57. 

also the preceding contribution, this report. 

25,2580 (1969). 

OKNL- UWG. T I  - 5466 
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Fig. 2.30. Stereoscopic view of one molecule of Sni(CyH7)3. Hydrogen atoms are not included 
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b / 2  

t k'" 
Fig. 2.31. Stereoscopic view of onehalf of a unit cell of the crystal structure of Sm(C9117)3. 

'Table 2.30. Intramolecular distances (8) in Sm(C9H7)3 

c-c d 

1-2 1.47 
2-3 1.48 
3-4 1.45 
4-5 1.38 
5-6 I .34 
6-7 1.51 
7-8 1.44 
8-9 1.42 
9- 1 1.42 
3-8 1.46 

10-1 1 1.45 
11-12 1.47 
12-13 1.47 
13-14 1.41 
14-15 1.37 

~ 

c-c d 

15-16 1.39 
16-17 1.40 
17-18 1.50 
18-10 1.40 
12-17 1.41 
19-20 1.41. 
20-21 1.40 
21-22 1.42 
22-23 1.44 
23-24 1.41 
24-25 1.35 
25-26 1.42 
26-27 1.44 
27-19 1.43 
2 1-26 1.45 

Sm-C d 

1 2.71 
2 2.68 
3 2.77 
8 2.77 
9 2.73 

10 2.72 
1 1  2.78 
12 2.71 
17 2.70 
18 2.76 
19 2.70 
20 2.80 
21 2.86 
26 2.75 
27 2.69 

CRYSTAL ANI) MOLECULAR STRUCTURE 
OF TRIINDENYLURANIUM CHLONDE 

J. H. Burns 1'. G. Laubereau' 

Our studies of organometallic compounds of lantha- 
nides and actinides were extended by use of the indenyl 
ligand, C9H7-, to form carbon-to-metal bonds. This 
ligand, which is less symmetrical than the cyclo- 
pentadienyl ring previously used,2 was chosen with the 
hope that it would produce ordered structures. This was 
the case, and crystals of U(C9H7)3C1 (ref. 3) and 
Sm(C9137)3 (ref. 4) were made, and their structure was 
determined by the heavy-atom method with diffractom- 
eter-collected data. 

Figure 2.32 shows one molecule of U(C91-17)3CI in 
which the U is tetrahedrally surrolunded by three 
five-membered rings and a chlorine atom. 'The uranium 
atoin is bonded to the carbon atoms of the five- 
membered rings of the three indenyl ring systems a t  
distances given in Table 2.3 1 .  Bond lengths and angles 
within the indenyl rings are given in Fig. 2.33. The IJ-C1 
distance is 2.593(3) a, comparable with that in 
(C,H5)3UCl,  which is 2.559 8. Packing ofthemolecules 
in the orthorhombic unit cell, a = 8.58 8, b = 14.24 a, 
c = 16.73 a, is shown in Fig. 2.34. 

Some inferences can be drawn regarding the nature of 
the metal-to-ring bonding. Because of the U-C distances 
and the orientation of the indenyl moieties, u bonding 
to a single C atom i s  ruled out. The essentially 
equivalent U-C distances could mean ionic bonding, or 
they could mean covalent bonding through an orbital 
involving all five C atoms. The U C  distances of 
2.67-2.89 A correspond closely to the value of 2.65 A 
in the sandwich-bonded uranocene and to the range 
2.68-2.82 A in the less accurately known structure of 

L C ( 1 )  2.71 
-C(9) 2.73 
--C(2) 2.77 
X ( 8 )  2.86 
X ( 3 )  2.87 

U C(18) 2.71 
-C(lO) 2.72 
-c(11) 2.77 
-C(17) 2.79 
~ 3 1 2 )  2.87 

U-C(19) 2.67 
-C(27) 2.69 
-C(20) 2.73 
-C(26) 2.88 
-C(21) 2.89 
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of one molecule of U(CgI-I7)3CL 

O R N L - D W G .  70-13866A 

A 

B 

C 

Pig. 2.33. Bond lengths and angles in the indenyl rings uf 
U(CqH7)3 CI. 
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C 

I_, 
Fig. 2.34. Stereoscopic drawing of the contents of 1'12 unit cells of U(CgH,)3CI to show packing. 

(C, H5)31.JCI.5 l-his latter compound exhibits chemical 
evidence of its covalency and is structurally similar to  
(C, H7)3UCl, which suggests that the latter compound 
may have covalent character in i t s  U-C bonds. 

_. .............. - 

1 .  Cuest scientist from the Federal Republic of Germany, 
Bonn. 

2. P. G. Laubereau, J.  M. Burns, and L. Gmguly,  Clzern. Div. 
Aniiu. Pro,y. Rep. Ma-v 20, 1970, ORNL 4581, p. 5 2 .  

3 .  P.  G. Laubercau, L. Ganguly, J. H. H u m s ,  B. M. Benjamin, 
J. L. Atwood, and J. Selbin, Inorg. Chnn. 10 (19711, in press, 

4. J. L. Atwood, J. 11. Burns, and P. G. Laubereau, Uzern. 
Div. Annu.  Prog. Rep. May 20, 1970, ORNL-4581, p. 57. 

5 .  C. H. Wong, Y.  M. Yen, and T. Y. Lee, Acta Crystallop. 
18,340 (1965). 

ME'T'HOD FOR THE DIRECT DETERMINATION 
OF LIGANDS 

C. E. Higgins W. H. Baldwin 

Earlier methods for the analysis of solvate composi- 
tion of salts dcpended on an indirect method.' 'The 
method reported here provides, on very small samples, 
both qualitative identification (including water) and 
quantitative estimation of ligands present. 

Our long-term interest is in the products of the 
reaction of small quantities of actinides with organic 
molecules. In view of the small amounts of actinides 
available, we have chosen to use a n;cthod that gives a 
residual product after evaporation of by-products and 
excess reagents from the reaction mixture. It will be 
necessary to know the composition of the solid 
products of sucli reactions. First it was believed 

advantageous to make and analyze lanthanide chloride 
adducts of the type expected with the actinides. 

Gas chromatography offers a sensitive method for the 
analysis of the ligands if the ligand can be quantitatively 
released from the salt and collected. For this purpose it 
is necessary to dissolve the solvate in a solvent which 
will replace the ligand. In our method we used tributyl 
phosphiate (TBP), containing a known weight of isopro- 
pyl alcohol ( 1  0 wt 70) as internal standard, to displace 
water, methailol, and ethanol ligands. Two milliliters of 
this 'I'BI' solution was added to 0.2-0.5 millituole of 
solvate; ha t ing  to 80" was sometimes necessary to  
complete the dissolution. The isopropyl alcohol and 
ligand were distilled from the solution and collected in 
a receiver cooled in dry ice. The pressure was lowered 
during the distillation t o  1 torr while the 'YBP solution 
was warmed t o  50-60" for 30 min. Water was 
quantitatively removed in one tiealment, but complete 
removal of ethanol required two. 

Analysis of the receiver contents was perfoori-neil on a 
1 -m long, 2-mni-lD stainless steel column containing 
80--100 mesh Porapak Q with helium flowing at 40 or 
50 rnl/min; coluinn temperatures were maintained at 
100 or 125°C. 'The ratio of ligand to  isopropyl alcohol 
was found by comparison of peak height ratios or area 
ratios to  those obtained wing known weight ratios. As 
little as 1 pg/pl could be detected with the thermal 
condirctivity detector, and increased sensitivity should 
be possible using more sensitive detectors. It may be 
possible to inject an organic solution containing the 
solvate directly into the GC; a short preliminary column 
for trapping the salt and for releasing the ligand could 
be connected to the chromatographic colunm. 
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Using the TBP displacement method we have ana- 
lyzed hydrated cerous chloride and uranyl nitrate for 
water content. The results were quantitative, though 
usually about 5% higher than those obtained by Karl 
Fischer titration. 

Similar tests w t h  other ligands are being made using 
other gas chromatographic colunms. For example, a 
special column of 10% poly(ethy1ene imine) on chrom 
T at 125°C with a helium flow of 50 ml/min has been 
used for the analysis of armnes and water. 

1. S .  N. MiSra, r. N. Misra, and K. C. Mehrotra, J.  Inorg. 
Nucl. Chem 27, 105 (1965). 

LIGANDS IN SOLVATED LANTHANIDE HALIDES 

C. E. Higgins W. H. Baldwin 

Lanthanide hallde alcoholates result both from the 
solution of the anhydrous salt in alcohols' and from 
the reaction of hydrated salts with dimetlioxypropane 
(DMP) or triethyl orthoformate. Using the TUP dis- 
placement method' we found that the residue from the 
evaporation in vacuo at room temperature of DMP and 
known amounts of hydrated cerous or yttrium chloride 
contained two metlianol molecules per LnCl, molecule. 
Similarly, ieaction with lrletliyl ortlioforrnate (and 
subsequent iemoval by evaporaf ion of reaction by- 
products and excess reagents) resulted in an ethanol: 
LiiC13 ratio of 2.0. Misra et a1.I have reported 
tris,ilcoholates resulting from the reaction of anhydrous 
lanthanide halides with alcohols and by azeotropic 
&strllation of water from LnCl, hydrates mixed with 
solutions of alcohols and benzene. The discrepancy in 
the number of ~lcoholate residues, two in our case and 
three in theirs,' is probably the result of oui nioie 
extensive drying in vacuo of the product. 

In contrast, heating the hydrated lanthanide chlorides 
in refluxing DbIP led to conipeting reactions and 
incomplete dehydration. When yttrium oxide was dis- 
solved in a slight excess of aqueou? HC1 arid was treated 
with refluxing DMP for 2.5 hr, a purple solution 
resulted. The purple solid recovered on evaporation 
v x u o  hat1 the composition YC13 * 1 .9Me0H-0.3H2 0. 
Similarly, CeCl, *OH20 in refluxing DMP yielded 
CeC13 * 1 .6MeOH.0.6H2 0. Heating the hydrates in tri- 
ethyl orthoformate at -XO*C formed anhydrous hallde 
drethanolates; however, there was a sllght halide defi- 
cieticy (C1:Y = 2.7). 

1 .  S .  N. Ivlisra, T .  N. Misra, and K. C. Mehrotra, J.  Znorg. 
Mucl. Chem. 27, 105 (1965). 

2. C. E. Wiggins and W. [I. Baldwin, "Method for the Direct 
Determination of Ligands," the preceding contribution, this 
report. 

CRYSTALLOGRAPHIC STUDIES 
ON Cs,  NaNdC1, AND Csz NaDyC16 

J. H. Burns 

A series of isomorphous compounds of the empirical 
formula Csz NaMC16 , where M is a trivalent lanthanide 
or actinide, was pxepared by Morss et al.,' arid the 
cubic unit-cell parameters were determined by x-ray 
diffraction. Of interest to us were the coinpounds 
containing Pu, Am, and Bk, because in the proposed 
cryolite structure, the trivalent ions are oclahedrally 
coordinated by chloride ions, a promising case for 
coniparison of ionic sizes. 

As examples widely spaced in ionic size, single-crystal 
specimens of CszNaNdCl6 arid Cs,NaUyCI, were pro- 
vided by L. R. Morss, Purdue University, and we have 
determined their crystal structures by x-ray diffraction. 
The atomic parameters are given in Table 2.32, and the 
structure is shown in Fig. 2.35, which depicts the atoms 
by their thermal ellipsoids. The C1 atom was described 
in two ways: (1) constrained to  the x axis arid given 
anisotropic thermal motion (Fig. 2.35) or (2) put in the 
general xyz position, requiring disorder, and given 
isotropic tlierinal motion. Table 2.32 contains both sets 
of refined parameters. Interatomic distances (A) listed 
below were calculated from the disordered model. 

Length in -- 

Nd compound Dy compound 
Distance 

Na-Cl 
cs-CI 
wc1 

2.763 
3.590 
2.713 

Table 2.32. Crystal structure parameters 
f01 CSzNaNdCl6 and CSzNaDfll6 

2.760 
3.602 
2.634 

Atom X Y z .ii*(a") 
______ 

C~2NaNdClb 

c: S 0.25 0.25 0.25 0.042 
Na 0.0 0.0 0.0 0.024 
Nd 0.5 0.5 0.5 0.015 
c1 

0 0.015,0.067 (aniso.) 0.2524 0 
(disord.) 0.2523 0.0097 0.0243 (0.015) 

C S ~  NaDyCl, 

cc 0.25 0.25 0.25 0.035 
N a 0.0 0.0 0.0 0.023 
DY 0.5 0.5 0.5 0.014 
c: 1 

(aniso.) 0.2560 0.0 0.0 0.0 15 ,KO5 2 
(disord.) 0.2559 0.0224 0.0038 (0,015) 
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Fig. 2.35. Stereoscopic view of a unit cube of Cs2N;rNdC16 wit11 the chlo~ide atom in anisotropic motion. 

From this list it is seen that the alkali metal to 
chloride distances were in close agreement between the 
two compounds, while the lanthanide to chloride 
distances showed the characteristic contraction. From 
the reported' unit-cell dimensions for the Pu, Am, and 
Bk compounds and the structures determined here, it is 
clear that the elements Pu, Am, and Bk show the 
actinide contraction in their correspoading compounds, 
but the exact amount depends on their (unknown) 
chloride parameters. 

1. L. R. Morss et al.,Inorg. Clzern 9, 1771 (1970). 

ATION AND PROPERTIES 
OF Cs3 NdC16 AND @s2 NaNdCI, 

J .  N. Stevenson' L. J .  Nugent 
J. R. Peterson' 

During the course of preliminary experiments to 
develop techniques and equipment for the preparation 
of Cs3CmCI6 and Cs2 NaCmC1, (using ' Cm), samples 
of Cs3NdCI6 and CszNaNdCl, were prepared, and some 
of their properties were determined. 

Stoichiometric amounts of anhydrous NdCI3 and 
CsCl were mixed in a reaction vessel, evacuated, arid 
heated to about 115°C. Anhydrous HCI gas was ther, 
introduced and the temperature increased until the 
sample melted. The 6s3NdCl6 product appeared to be 
light blue under fluorescent room lighting. The prepara- 
tion of Cs2NaNdC16 was carried out similarly, with the 
addition of the stoichiometric amount of NaC1, evacua- 

tion and heating to 520°C before introduction of HCI, 
and heating of the reaction mixture to 1000°C. The 
color of the product was like that of Cs3 NdCI, . 

Samples of both products were examjned by standard 
powder methods. Tricesium neodymium(II1) chloride 
exhibited an apparent tetragonal structure with a. = 
5.68 Lk and co = 10.69 L%; however, several weak lines 
could not be indexed on the basis of this structure. The 
dicesium sodium neodymiurn(YI1) chloride exhibited a 
face-centered cubic cryolite structure with uo = 10.892 
8, which is in good agreement with the 10.889-w valiie 
reported by M ~ r s s . ~  

The melting point of the CszNaNdC16 compound was 
determined under 0.5 atm HCI pressure to be about 
700°C, whereas that for the Cs3NdCI6 compound was 
found to be about 820°C. In addition, an apparent 
phase change was observed for Cs3NdCI6 at a tempera- 
ture of about 375°C. A high-temperature x-ray camera 
will be used to study in greater detail this apparent 
phase transformation. Similar behavior for Cs3 NdC1, 
has been observed p re~ ious ly .~  

'The reflectance spectrum of each compound c ~ a s  
nieasured using a Cary 14 recording spectrophotometer. 
The two spectra are, in general, very similar, but clearly 
not identical. The absorption lines for Csz PdaNdCl, 
were generally stronger than those for c s3  NdCl,. 
Maximum absorption for both compounds occurs in the 
17,500- 14,100 cm-' range. This peak for Cs2NaNdC16 
centers about 17,200 cm-' . The corresponding peak 
for CS3NdC16 centers about 17,000 cm-' , with a minor 
component at about 17,200 c ~ n - ' .  Other absorption 
peaks occur for both compounds with centers about 
19,000, 13,000,12,300, and 11,400 cm-' . 
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Associated Universities. 

2. Consultant; Department of Chemistry, University of Ten- 
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3.  L. I<. M o r s  et al., Jnorg. Ckein., 9, 1771 (197Oj. 
4. Sun Tn'-Chzhu and I. S. Morozov, Zh. Neorg. Khim 3, 

1914 (1958). 

STUDJES WITH HEPTAVALENT NEPTUNIUM 

W, H. Baldwin 
J. €3.  Burns 

J. R. Stokely' 
6. K. Werner' 

The existence of Np(V1I) was established by Spitsyrl 
et aL3 in 1969. They prepared Np in this valence state 
in alkaline solution and also in the solid compound 
Co(NH3a6NpOs -3Hz 0. These workers, and also 
Jorgeiisen,4 speculated on the nature of the NpOS3- 
ion. We have an effort under way to prepare the above 
compound, and perhaps others, in a form suitable for 
x-r:iy diffracticm study in order t o  characterize ions 
containing Np(VI1). 

The published method5 of preparation, ozonization 
of Np(V) in  NdOfi solution, was employed to prepare 
Np(Vr1). Very dark green solutions were obtained at a 
concentration of about 4 mg of Np(V1I) per milliliter. 
Adtli tion of Co(NH3 j6Cl3 solutjon precipitated bril- 
liant green crystals of about 20 ,LI in largest dimension, 
too snlall for single-crystal diffraction. A coulometric 
analysis for Np gave (44.3 2 0.4)% (theoretical = 
44.5%). From this analysis and the method of prepara- 
tion we believe these crystals to be Co(NI-I, )6 NpO, * 

3 H 2 0 ,  but efforts to  increase their size by various 
procedures failed. X-ray powder diffraction yielded a 
pattern containing the following (first eight) interplanar 
spacings (in A): 6.66, s; 5.90, rn; 5.65, w; 5.44, in; 5.27, 
vs; 4.23, ms; 3.86, s; 3.69, s. 

When solutions of Np(V1I) and Co(NH3 j6C13 were 
allowed to diffuse slowly together through a lxyer of 1 
iM NaOH, crystals having a needle-like form and an 
intense red color (SI) as to appear black) were obtained. 
These grew to 150 p in length, but the number 
produced in each preparation was rather limited; hence, 
conventional chemical analysis has not been possible 
thus far. We have established the presence of rizpturlium 
from neutron-activation and gamma-ray analyses, and 
that the crystals contain Np(VI1) from absorption 
spectra. A structural analysis by single-crystal methods 
is in progress arid is expected to  yield the empirical 
formula of the cornpourid. Crystals are monoclinic, 
C2/c, with a = 10.865 A, b := 10.597 A, c = 14.867 a, 

and = 11 5" 13'. These data do not correspond to  the 
powder pattern above; therefore the two substances ale 
uf different crysial structures althuugh they may be 
polymorphic forms of the same compourtd. 

1. Analytical Chemistry Division. 
2. Physics Division. 
3 .  V. I .  Spitsynet al., J: Jnorg. N d .  Ckem. 31, 2733 (1969). 
4. C .  K. Jorgrtlsen, Chem Phys. Lett 2, 549 (1968). 
5 .  A. J .  Zielen and D. Cohen, J. Phys. Ckem. 74, 394 (1970). 

THE CRYSTAL STRUCTURE OF AMERlClUM 
SULFATE OC'TAHYDRATE 

J. H. Burns R. D. Baybarz' 

Determination of the type of coordination exhibited 
by a lanthanide or actinide ion when it is crystallized 
from aqueous solution is of interest because it indicates 
the complexing ability of the anion relative to water, it 
suggests the type of coordination in solution, and, in 
the solid; the crystal field synmietry is obtained for use 
in explaining nlagrietic behavior of the M3* ions. The 
only previous work relevant to  tlie present problem is a 

partial structure tletermination2 on Nd2(S04j3 .8H2 0, 
in wli.ich tlie Nd was concluded to have face-centered 
trigonal prismatic 9-coordination. We have found that 
Am2(SO4 j3 * 8 H 2 0  is isostructural with the Ncl coni- 
pound and has, in fact, the Am in dodecahedral 
&coordination. 

The crystal symmetry is monoclinic, C'2/c, with a = 
13.62 A, h = 6.84 i!, c = 11.840 8, / 3  = 102.67", and Z 
= 4. In Fig. 2.36 is shown the parf of the structure 
occupying one-half the unit cell. The Am ions are all 
crystallographically equivalent and are each coordinated 
by the oxygen atonis from four sulfate ions and four 
water molecules. In the drawing the sulfate ions are 
recognized as regular tetrahedr:i, while the water mole- 
cules are shown only as oxygen atonis attached to the 
Am ions. Hydrogen atorns were not located, but there 
are numerous 0 ... 0 distances suggestive of hydrogen 
bonding. The structure is  also cross-linked by each 
sulfate being shared by two or more Am ions. The 
Am--0 distances range from 2.38 to 2.55 A, arid the 
S---O distances from I .45 to I .SO A. 

1. Chcmical ferhnology Th%ion. 
2. D. K. Fitzwater arid R. E. Rundle, Sfrucfure of Neodym- 

[ U F ~  SldfQfe Octd~ydrate,  Ames Laboratory Report NO. LSC- 
241 (1952). 
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Fig. 2.36. Steroscoyic view of one-half the unit cell contents of Ami(SO4)3 - 8 H 2 0 .  

THE DIOXIDE OF LONG-LIVED 2 4 8 C m  

J. R. Peterson’ J. Fuger’ 

In an effort to study the properties of curium in the 
absence of intense self-irradiation, a systematic study 
has been undertaken utilizing the recently available 
long-lived curium isotope of mass number 248 ( t l i 2  := 
3.5 X 10’ years). The 248Cm made available for this 
study was “milked” from a * ”Cf and then 
underwent the standard purification procedure for 
small quantities of  actinide^.^ The purified curium was 
loaded into single beads of preleached Dowex 50W-X4 
ion exchange resin and pretreated Dowex chelating 
resin A-1 . These beads were subsequently calcined in air 
or oxygeri to form curium sesquioxide. The curium 
dioxide samples were prepared by treatment of the 
sesquioxide with oxygen gas at temperatures below 
400°C. The dioxide stoichiometry was assumed, since 
direct determination was deemed impossible on the 1- 
to 2-1.18 scale employed. 

The various samples were subjected to analysis by 
standard x-ray powder diffraction methods. All samples 
prepared were found to exhibit the face-centered cubic 
(fcc) fluorite-type structure. The room-temperature 
average lattice parameter was 5.359 i 0.002 A, where 
the error limit represents the 95% confidence level 
calculated using the standard statistical method for the 
average of five iridependent determinations. This value 
i s  significantly smaller than the previously accepted 
value of 5.372 f 0.003 ‘4 (ref. 5) but is in excellent 
agreement with the value of 5.359 + 0.001 A obtained 
by Noe on a freshly prepared sample of CmOz .6 In 

addition, No6 has shown that the lattice constant for 
2 4 4 C ~ n O z  increases with time, reaching thc saturation 
value in about 1.6 days.6 The increase of lattice 
constant with time is attributed to  self-irradiation 
effects. Such radiation-induced expansion was not 
expected in the 2 4 8 C m 0 2  samples and, indeed, was not 
observed over the eight months of this study. 
Plots of the cubic lattice parameters of the actinide 

dioxides and the corresponding calculated tetravalent 
ionic radii [0.880 A for Cm(IV)] vs atomic number are 
given in Fig. 2.37. Included on the lattice parameter 
plot are the old literature value for 2 4 4 C m 0 2 s  and a 
value for Cf02  derived from a sample prepared by 
Baybarz et al.7 Although our lattice parameter for 
Cm02 greatly reduces the apparent cusp there, it does 
not eliminate it entirely. Of equal importance, however, 
is the fact that no cusp is evident at berkelium, 
corresponding to the half-filled 5f7 electron configura- 
tion. Thus, it appears that the magnitude of the 
half-filled shell effect is small compared with the 
precision with which these lattice constants have been 
determined. 

1. Consultant; Department of Chemistry, University of Ten- 
nessee, Knoxville. Work carried out in part at the ORNL 
Transuraniusn Research Laboratory and in part at the Uni- 
versity of Li&e while in residence as a North Atlantic Treaty 
Organization Postdoctoral Fellow in Science. 

2. Nluclear Chemistry Laboratory, University of Likge, 2 rue 
A. S tevart, 4000 Liege, Belgium. 

3.  D. E. Cerguson et al., Chern. Techtiol. Div. Anntc. Progr. 
Rep.  May 31, IY70, ORNL-4572, p. 119. 
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4 .  R. D. Raybarz, J. B. Kniiuer, and P. H. Orr, Final f.ssolatioti 
and Purification oj' [he Transpliitotiium Elements jkjrn the Last 
Si.x TKU Ckmpaigns, ORNL-4672, tv be published. 

5 .  L. B. Asprey et al., J. Amer. C'hern. SOC. 17, 1707 (1955). 
6.  M. Nod and J .  Fugrr, 1nor.q Nircl. Chetn. Lett. 7, 421 

7 .  K. D. Haybarz, R. G.  Ilaire, and J. A. Fahey, submitted to 
(1971). 

J. Inorg. Niicl. Chem. 
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Pig. 2.37. Actinide dioxide lattice parameters and come- 
sponding calculated tetravalent ionic radii. 

SOME PROPERTIES OF BERKELIUM METAL' 

J.  A. Fahey' 
.J .  I<. Peterson3 

K. D. Baybarz4 
D. K. Fujita' 

The initial preparation of berkelium metal was re- 
ported previously.G Additional work since that time has 
provided the following information concerning the 
physical and chemical properties of berkelium metal. 

Berkelium metal exhibits two allotropic modifica- 
tions, the face-centered cubic (fcc) and the double 
hexagonal closest-packed (dhcp). 'The average room- 
temperature fcc lattice parameter is a, = 4.997 ? 0.004 
A, where the error limit represerits the 95% confidence 
level cdculated using the standard statistical method for 

the average of ten independent determinations. The 
average room-temperatuIe dhcp la( tice parmieters are 
a, = 3.416 i 0.003 a anti co = 11.069 -t 0.007 a, 
where the error limits represent again the 95% con- 
fidence level for the average of six independent deter- 
minations. The results derived from the observed lattice 
coristants of the two forms of Uk metal are presented in 
Table 2.33. 

Our data indicate that the fcc phase is the high- 
temperature phase with respect to  the dhcp phase, 
representing 1)ehavior analogous to that observed in La, 
Ce, Am, and possibly Cm. The definitive answer to the 
phase relationship question should come fi-om careful 
high-temperature x-ray studies of metal samples large 
enough to produce satisfactory diffraction patterns in 
reasonable exposure times. 

The difference in melallic radii of the two allotropes 
of Bk is attributed to a differing inetallic valence in the 
two forms. Magnetic susceptibility measuremetits were 
carried out in an effort to detect significant differences 
in the magnetic behavior of  the two nietallic ptl:~ses that 
would support the suspected differences in their elec- 
tronic n a t ~ r e . ~  The results, though prelimiriary in 
nature, indicate that berkelium is a predominantly 
trivalent metal. 

During the course of this woIk attempts were made to 
prepare Am, Cm, and Cf met:ils utilizing the Same 
technique a s  for Bk metal, that is ,  by Li reduction of  
the metal trifluoridc at a suitable temperature. From 
these experjnients we have estimated, primarily on the 
basis of product yields, the relative order of volatility of 
the four metals to be: C m  < Bk < A m  @ Cf. 

Utilizing the niethod of Ordway8 the melting poht  o f  
Bk metal was determined to be 986 -t 25OC. This value 
is the average of two independent detertiiinations on 
samples weighitig about 5 pg. The eri-or h i t  given 
represents the 90% corifidence level. This value is 
consistent with the preparative conditions employed;6 

'Fable 2.33. Crystallographic data for berkelium metal 

Crystal structure 
Space g o u p  
Metal atom position 

Lattice constants, A 

Atomic volume, A3 (~z = 4f 
X-ray density, g/cc 
Axial ratio, co/ao 
Metallic radius, a (CN = 12) 

4.997 -1- 0.004 

31.19 
13.25 
1.000 
1.757 

dhcp 

2 Rk in a ,  2 Hk 

3.416 5 0.003 
J 1.069 2 0.007 
27.96 
14.78 
3.240 
1.704 

P ~ ~ / / ? I M w  ID&) 

in ( 

uZ denotes nuniber of atoms per unit cell. 



86 

however, it is considerably lower than the 1675°C 
estimate of Matthias et al.9 

A sample of berkelium hydride has been prepared by 
treatment of tlie metal at 225°C: wiili hydrogen gas and 
found to exhibit an fcc structure with a0 = 5.23 f 0.01 
8. By analogy to lanthanide and other actinide hydride 
systems, it is thought that the composition of the 
sample is BkkH,,~,, where x < 1 .  The trihydride would 
be expected to exhibit a hexagonal structure. 

In the series of Bk metal preparations, two products 
appeared metallic, but were somewhat brittle, anti were 
found to exhibit an fcc structure with a0 ::: 4.964 A, 
significantly smaller than the parameter associated with 
the fcc form of metallic Bk. The preparative conditions 
for these two samples might have been favorable for 
monoxide formation. However, attempts to prove or 
disprove that this fcc phase corresponds to berkelium 
monoxide have been unsuccessful. High-temperature 
x-ray studies of Bk metal should demonstrate whether 
or not this fcc phase is another metal phase. 

It  is apparent that the metallic properties of Bk do 
not correspond to those of Tb, its lanthanide a~ialog. In 
fact, taken as a whole, the. observed properties of Bk 
metal and the apparent high volatiljty of Cf metal are 
consistent with a trend toward enhanced stability of the 
divalent state in the transcurium metals. 

1. Suiiimary of a paper submitted t o  I. 1norg. N i d .  Chetn. 
2. Oak Ridge Graduate Fellow from the University of 

Tennessee, Knoxville, under appointment with the Oak Ridge 
Associated Universities. Present address: Chemistry Depart- 
ment, Bronx Community College, Bronx, N.Y. 

3. Consultant.; Dcpartrnent of Chemistry, University of Ten- 
nessee, Knoxville. 

4. Chemical Technology Division. 
5. Graduate student, University of California (Berkeley), 

Lawrence Radiation Laboratory. Present address: Department 
of Zoology, University of California, Davis. 

6. J. K. Peterson, J. A. Fahey,and R. 1). Baybarz,Chern. Div. 
Annu. Progr. Rep. May 20, I969,  ORNL-4437, p. 35. 

7. D. K. Fujita, Ph.D. dissertation, University of California, 
Lawrence Radiation Laboratory Report UCRL-19507 (Novem- 
ber 1969). 

8. F‘. i)rdway,J. Res. ’Vat. Bur. Srand. 48(2), 152 (1952). 
9. B.  7. Matthias et al.,Phys. Rev. Lett. 18, 781 (1967). 

grow11 single crystals has continued. We obtained a 
crystal of 249CfC13 having the hexagonal UCI, struc- 
ture type and refined the unit-cell dimensions and 
chloride positional parameters using diffractometer 
data. The least-squares adjusted parameters are as 
follows: n = 7.3’79(1) ‘4 and c = 4.0900(5) 8, 

1; Y i 011 0 2  2 ci3 3 81 2 
~~ 

Cf ’4 ‘4 0.005412) 0.0054 0.0113(5) 0.0027 

CI 0.3902(6) 0 3019(6) r/ ,  00060(7) 0.0052(6) 0.0186(19) 0.0030(6) 

The bond distances of primary interest are Cf- 
Cl(equatoria1) = 2.924(4) a and Cf-Cl(apica1) = 
2.81 5(3) a. 

Ionic radii have been derived from our crysial- 
structure determinations of the metal-to-chloride dis- 
tances in these transplutonium trichlorides. It is as- 
sumed that when an actinide and a lanthanide ion, in 
isomorphous structures, have the same distance to  
chlorine, then that actinide has the same radius as the 
lanthanide. The radii of trivalent lanthanide ions are 
well known.4 By making comparisons of this type the 
following radius values (a) were obtained (estimated 
values in parciithescs): 

Am3 0.984 

Cm” 0.973 

Bk* (0.952) 

C P  0.935 

Eb* (0.922) 

The previously reported3 dimorphsm of CfCI, was 
studied by use of a high-temperature x-ray diffraction 
camera. The transformation: CfC13(hexagonal) + 
CfCl3 (orthorhombic) is apparently a very sluggish one; 
we were able to observe tlie 1.ransformation but could 
not reproduce it in a controlled manner, even though 
the sample was carried through several cycles of 
heating, annealing, and cooling. The transition tempera- 
ture is still unknown, as is the identity of the 
high-temperature equilibrium form. 

IONIC RADlf FROM -. . . . .. ... .......... 

TRANSPLUTONI UM ‘I’KICHLORIDES 1 .  Consultant; Department of Chemistry, University of Ten- 

2. Cheinicd Technology Division. 
3. J. H. Burns and J .  R. Peterson, Chem. Diu. Annu. Progr. 

4. D. PI.  Templeton and c. H. ~ ~ ~ b ~ ~ ,  J. Afner, Chem. sot, 

nessce, Knoxville. 
J. H. Burns J.  R. Peterson’ 

K. D. Bayharz’ 
Rep. May 20, 1970, ORN1.-4581, p. 57. 

76,5237 (1554). 

Our work3 on the refinement of crystal structures of 
the anhydrous transplutonium trichlorides using melt- 
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NEUTRON MULTlPLICITY COUNTER’ 

R. L. Macklin’ 
F. M. Glass3 
J. I-Ialperin M. Tobias4 

R. T. Roseberry3 
R. W. Stoughton 

In recent years a number of estimates and calculations 
have been nude which. imply that nuclei of atomic 
number near 114 (and near certain higher closed shells 
of neutrons and protons as well) may be relatively 
stable.’ The range of estimates of this stability encom- 
passes the possibility that half-lives of nuclides in this 
“island of siability”s are loiig enough that detectable 
quantities may be found in nature -- provided that they 
are formed at  all during nucleosynthesis in stellar 
interiors. Further, the possible production of such 
superheavy nuclei directly io accelerators has been 
receiving increasing attention from experimenters. 
Although heavy-ion beanis with the requisite energies to 
penetrate the heavy-element Coulomb barriers have not 
yet been produced (the Super Hilac is due to  start up at 
the end of 1971), recent reports have excited interest in 
the possibility of indirectly producing such superheavy 
nuclides. By using multi-GeV beams of protons or 
electroas (which do exist now in a number of accelera- 
tors) on heavyelement targets, it may be possible to 
form spallation products of sufficient energy to interact 
with the heavyelemeni substrate to fortn superheavy 
elenients. A search for such nuclides is in progress in 
many laborai ories throughout the world; evidence for 
the existence of such superheavy nuclides may even 
have been obtained by Marinov6 at the Rutherford 
Laboratory, Flerov7 at Dubna, or Bhandari’ at the Tata 
lnst itute. 

The superheavy nuclei or their decay products can be 
expected to fission spontaneously. The fission process 
in turn involves the emission of a variable number of 
neutrons, and the detection of these neutrons provides 
a sznsitive means of detecting these nuclides. Since fast 
neutrons are highly penetrating, the technique lends 
itself to examining large samples (hundreds of grams per 
square centimeter) without prior ctiemical preparation. 
We have assembled a neutron multiplicity counter with 
the c;ipacity of detecting neutrons emitted in spon- 
taneous fission. The sensitivity of the instrunient js -1 
spontaneous fission event per clay. It provides a 
capabjlity of examining large natural samples (-SO-kg 
samples o f  ores, concentrates, etc.) for neutron enlis- 
sion. Such samples, in general, would not require 
chemical preparation, which involves lhe added risk of 
losses in the effort to  concentrate superheavy elements 
of yet unknown chemical behavior. 

The only known spontaneous-fission emitter in nature 
is z3’U with (S.F.) 1 0 l 6  years (0.6 fission 
&y-l mg-’ ). In this connecliori F, the average number 
of neutrons per fission, for ’”U is 2.0, and even the 
highest-mass spontaneously fissioning nuclide’ yet 
measured, 257Frn, yields i3 < 4. Although V for a 
superheavy element is, of course, not known, it has 
been variously estinnted that q2 ‘’ 114) 7 10 for 
binary Gssion.’ ’ ‘ n u s  the predicted high vdue of i j  for 
superheavy elements leads to the possibility of a 
distinctive characterization of a superheavy nuclide by 
neutron multiplicity counting, which eriables distin- 
guishing it from all presently known nuclides. A further 
characteristic of the current counter design is its 
insensitivity to garntna radi-&ion. It is perhaps 1 U4 -fold 
less sensitive than the gadolinium-loaded scinl illation 
tank detector. Gamma-ray sources at the roentgen-per- 
hour level can be tolerated in the instrumelit. 

Figures 2.38 and 2.39 show an overall isonielric view 
and schematic cross seci ion, respectively, of the lieu- 
troii multiplicity counter. The sample chaniber of the 
counter is a 9-in.-diam, 20-in .-long cylinder. This 
provides over 20 liters of sample volume; depending 
upon the density of the mlerial ,  samples of 50 kg and 
larger a r t  be acconimodated. The detection system 
consists of an array of 20 ‘He-filled proportional 
counters, symmetrically spaced along the sample 
volume and embedded in a paraffin matrix to moderate 
the fast neutrons emitted it] fission. This moderating 
region is 6 in. in radial extent, and tile 31ie counters 
which penetrate it are contained within each of twenty 
1 .ZS-in.-diatn aluminum i iihes parallel to the cylindrical 
axis of the sample chamber. Ten of these tubes are on 
the circuinference of the sarriple volume, and the other 
ten tubes are equally spaced on a circular row 1.25 in. 
radially displaced from the first row; this spacing was 
found to be optinnl by Monte Carlo calculation. A 
sheet of 40-mil cadmium about the outside of this 
moderatj.ng region plus two additional inches of paraf- 
fin serves to shield the counter from possible outside 
sources of neutrons. The overall length is 36 in., of 
which the inner 20 in. pa~allels the counter sensitive 
volume. Two paraffin-filled end plugs 8 in. loiig close 
the sample volume and furiction as end neutron 
reflect or-moderator and external neutron shield. The 
cylindrical assembly is encased in a 1 / 8 - ~ ~ .  steel shell and 
is supported by a rectangular frame or1 casters. The 
entire assembly weighs about 800 Ib. 

The detector tubes are filled with ’He to 6 atm 
pressure and are operated as pIopor tion:il counters with 
a 1400-V positive mode bias with the aluminum shell at 
ground potential. The gas nlixture contains 1 l‘% Kr to 
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minimize energy losses to the wall and 1 %  C 0 2  to 
minimize ion recombination. The resolution of each 
detector was measured to be better than 5% FW-lM. 
The output of the detectors, in pairs, is fed to ten 
preamplifiers which are mounted on the Face of the 
steel shell to minimize cable lengths. The preamplifier 
output is carried to an amplifier-single-channel-ana- 
lyzer unit in an  adjacent instrument rack. A SCA 
window was selected to encompass as much signal as 
possible to enhance the system efficiency. This cor- 
responds normally to  accepting pulses lying between 
0.1 and 1 .O MeV. (& for He(r~,p)~ H is 765 keV.) The 
output of the discriminator is fed into a buffer 
memory, where as many as ten events may be stored 
and outputted to a fast printer according to preset 

ei- 
I. 

logical requirements. A 2-Mc timer controls the rate of 
“word” transfer w i t h  the memory. Following the 
detection of an event in any channel, a gate is opened 
for a preset but variable interval of time from 0 to 1000 

psec (-500 psec is currently used), and multiplicities 
are noted. The output of the system is such that each 
detected event is printed out to identify the channel of 
origin, the time of detection of the event measured in 
microseconds, whether the event took place under the 
anticoincidence “umbrella,” and a coded symbol which 
allows rapid recognition of the multiplicity number in 
which the event is found (i.e., the number of neutron 
captures recorded within the preset intervals). Thus, it 
is possible to examine the distribution in time of all the 
events recorded within one multiplicity period so that 

ORNL-DWG 7f-55230, 

’/e-in-THICK STEEL S H t L L  

~ 9- in I D  x 0 0 3 5 - i n  
1 HICK W A L L  
41 lJMlNUM TUBE 

L l ’ /4 - in  OD x 0 0 3 5 - i n  -THICK 
SAMPLE SENSITIVE VOLUME ’ WALL ALUMINUM TURE ( 2 0 )  

3He COUNTER TUBE 

Fig. 2.38. Isometric wew of neutron multiplicity counter. 
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ORNL-  DWG. 71-3*73A the p-meson comporierit. Counter backgrourids for 
multiplicities of 2 3  are in the range of one to  two 
events per day. However, massive samples of high Z 
increase this background by about an order of magni- 
tude, and an anticoincidence tnantle is planned to 

A measure of ir can be made with the instrument by 
exanlining the distribution of multiplicities for a sample 
of interest. By calibrating the counter with known 
emitters, i j  for unknown spontaneously fissioning 
nuclides can be deteinlined. In order to  sharpen such 
measurements, a fragment detector may be placed 
within the sarnple volume uf the neutron countei and 
its output used to gate the neutron counter for a 
variable time ranging from 0 to 1000 psec. 

"Cf source, the single neutron 
efficiency of the counter was determined to be -0.30. 
For the case of v = 10, the binomial distribution law 
leads to an efficiency of 62% for mult.iplicitics of 3 3  
and 35% for S. If Y sbould be as low as 6, however, 
the counter efficiency can be similarly computed to be 
26% for multiplicities 2 3  and 77% for a. 

1%" O.D. x 0.035" Wall 
Aluminum Tubes, 
10 on lo+" Oia. and 

0.040" Cadmium 

Preamplifier reduce background still further. 

Using a calibrated 

Fig. 2.39. Schematic section of neutron multiplicity counter. 

statistical tests can be applied to this distribution. In 
addition, a printed output of time is made from the 
start, of the count in 1000-sec intervals. The suppression 
of singles events in the printed output, which are 
primarily due to  backgrourid and are -lo3 -fold greater 
than the multiplicity rates (only a few per day), is an 
operational convenience and i s  accomplished with a 
front panel selectable switch. 

The output of the discriminator also feeds a separate 
analog circuit with independent timing which discrimi- 
nates events of varying tnultiplicities and records them 
in four scalers which indicate (1) the total number of 
pulses, ( 2 )  the number of doubles and greater, (3) the 
number of triples and greater, arid (4) the number of 
quadruples and greater. This circuitry has an indepen- 
dent anticoincidence and coincidence gating capability. 
Because of the l ow frequency of events of interest, dual 
recording provides a level of assurance against spurious 
events. 

A limitation in making these measurements is the 
need to provide adequate shielding from the cosmic-ray 
background. The apparatus is located in the EGCK 
building, which cmrently is not otherwise used. The 
counter is situated some 5 3  ft  below grade, beneath 
-20 ft of concrete shielding, which appears to  be 
adequate to eliminate the nucleonic component of 1 he 
cos tni c-ray spe ctr urn, leaving contributions only from 

1. Thc authors especially wish to acknowledge the assistance 
given by R .  H. Ward, R. E. Dxuschel, 0. I,. Keller, and J. L. 
Fowler during the planning and assembly of the instrument. 

2. Physics Division. 
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4. Reactor 1)ivision. 
5. G. ?'. Sraborg, Ann. Rev. Nzdcl. Sci. 18, 53 (1968). 
6. A. Marinov et al.,?v'ature (London) 229,464 (1971). 
7. C;. N. Flerov and W. P. Perelygin, At. Energ. 26, 520 

8. N. Bhandari et al., iVntitre /London) 230, 219 (1971). 
9 .  E. Cheifetz et al., Phys. Rev. C 5, 2017 ( 1  971). 
10. J. K. Nix, Phys. Lrtr. B 30, 1 (1969). 
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FAST-CLOSlNG PROTECTWE VALVE AT ORfC 

R. I-. H:thn 
I<. L. Stone' 

J. R. Tarrant 
rd. I). h n t  

M. L. Mallory 

Last year,2 we reported the development of a 
fast-acting valve that was designed to  protect the OKIC 
from contamination due to the possible rupture of 
radioactive targets. The valve operation depended upon 
a spring-loaded plate being kept out of the cyclotron 
beam line by an electromgnet. In case of target rupture 
a spark plug, acting as a pressure sensor, would fire, 
shorting the current to the electromagnet and causing 
the valve to slam shut. 

When the assembly was installed in the ORIC, the 
valve operated satisfactorily in slopping shock-wave 



90 

progression from target to  cyclotron, but only -50% of 
the cyclotron beam reached the target. To improve 
beam transmission, the valve was rebuilt with an 
opening of 2'/2 in. instead of the 1 in. formerly used, 
and with only one baffle, which was placed near the 
target. The new system worked completely satisfac- 
torily. Beam transmission was effectively 100% (or 
comparable with our experience with no valve or baffle 
in place), and various tests showed that the larger valve 
still closed before the shock wave could reach i t . 

This latter result is especially important because it 
indicates that special baffles are not required in many 

situations. Apparently, pumping stations and other 
cavities that are routinely connected to the OHJC hcam 
line (such as shield-wall plugs) act to slow the shock 
wave sufficiently to prevent contamination of the 
cyclotron. 

1. Plant and Equipment Drvision. 
2. R. L. IIahn et al., Chem Div Annu. Progr. Rep. May 20, 

1Y76, ORNL-4581, p. 59. 



3. Isotope 

FRACTIONATION OF CARBON ISOTOPES: 
THE CYANEX SYSTEM 

L. L. Brown 

The development of the CYANEX system for the 
frxtionation of carbon isotopes continued at the 
bench-scale level. This chemical exchange system is 
based on the reaction 

K2 C(0II)’ CN(org) + ’ CN-(aq) = 

K2C(OH)’ 3CN(org) + 2CW-(aq) , 

which has a separation factof of 1.04 at 25°C. 
The previously reported objectionable inass transfei 

of “CN” from the aqueous to the organic phase was 
eliminated by the use of p-xylene as a solvent for the 
organic-phase cyanohydrin. No inass transfer occurs 
when xylene solutions 1.2 il4 in cyanohydrin and 3 M in 
total ketone are equilibrated with aqueous 0.9 M KCN 
solutions. Equiniolar transpoit o f  “CN” in each phase 
was obtained by adjusting the volume flow of organic 
solution to three-fourths that of the aqueous phase. 
Reflux of both streams was readily accomplished in the 
modified system, and continuous integrated runs in- 
volving the simultaneous operation of the product end 
refluxer, the exchange columri, and the waste-end 
refluxer were successfully performed for periods as long 
as 141 lir. 

Inventory losses of “CN” during these extended runs 
amounted to  about l%/day. We believe the bulk ol‘ this 
loss was caused by venting of tiCN through the 
mechanical action of the pulsers. If this view is valid, 
most or perhaps all of this relatively sniall loss can be 
eliminated by equipment design. An adverse conse- 
quence of the use of an inert diluent for the cyanohy- 
drin has been a several-fold increase in the theoretical 
plate height. We attribute this change to  an increased 
half-time of exchange and are presently seeking ways lo 
minimize this effect. 

PHOTOCHEMISTRY OF CHLORINE 

W. H. Fletcher’ 

Investigation of the possibility of separating chlorine 
isotopes photochemically wiis concluded. Separation by 

Chemistry 

this method depends upon the selective excitation of 
one isotopic form of Clz to a discrete vibrational level 
in the 3n(: state and a subsequent reaction of the 
excited molecule with a given substrate without the 
formation of a radical or the release of an atom. 
Calculations previously reported’ indicated that the 
5145-A radiation of an argon ion laser would excite the 

CL3 Cl much more effectively than the 7Cl-3 C1 or 
Lhe ’CI species. Subsequerit studies established 
that CO, CH2=CF2 C4Fs (perfluorobutene-2), and 
C2114 did not react with C12 at a measurable rate in the 
absence of light but did react whcn exposed to 5145-A 
radiation. hi all cases, however, the photochemically 
initiated reactions proceeded by a chain mzchariisni, 
with quantum yields ranging from 10 to 100. The 
occurrence of these chain reaction mechanisms ren- 
dered these systems unsuitdble for isotopic fractiona- 
tion since isotopic selectiviay cannot exist under these 
conditions. 

1. Consultait; Department of Chemktry, IJniwrsity of ‘hi- 

2 .  W. H .  Fletcher, Chem. Diu. Annu Frog. Rep. Muy SO, 
nessec, Knoxville. 

1970, ORNL4.581, p. 64. 

OXYGEN-17 FACILITY 

D. Zucker 

The Oxygen-1 7 Facility performed satisfactorily clur- 
ing the past year. 

The Water Distillation Cascade operated continu- 
ously; no outages of any kind were experienced. A peak 
170 concentration of 1.3% tiad been attdned at the 
end of the report period. The peak concentration Cor 
“ 0  was 90%. The isotopic gradient for both ’ 70 and 
* ‘ 0  is sIowiy increasing. 

The Thermal Diffusion Cascade operated continu- 
ously since startup at the beginning of FY 197 1. (Prior 
to this time operation of the Thermal Diffusion Cascade 
was interrupted for leak hunting and replacement of  the 
sample manifold at the top of the columns.) The peak 
concentrations of ‘ 0  andL ’ 0 in the Thernial Diffu- 
sion Cascade were 20 and 99.3% respectively Wiring 
the latter portion of FY 1971, operation of the thermal 
diffusion columns was aimed at maximizirrg ‘ 0  

91 
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production becaure of the current interest in using this 
isotope in the synthesis of transuranic and ultimately 
superheavy elcments. 

Transfers to the Isotopes Division inventory included 
49 g of 1120 containing 98.1% I 8 O ,  valued at $24,500; 
13.3 liters of oxygen gas containing 99% "0, valued at 
521,000; and 9.5 liters of oxygen gas containing 10 to 
20% I7O7 valued at $13,450. Also? on hand, but not 
transferred to inventory, were 130 liters of high-purity 
' 0 gas which contained <20 ppm ' 7 O  and 80. 

In March, a decision was made to terminate the 
operation of the facility at the end of June. Other 
sources of separated oxygen isotopes have made this 
operating facility superfluous. 

MOLECULAR SPECTROSCOPY' 

G. M. Begun 

Early in the work of the Isotope Chemistry Group, it 
became evident that molecular spectroscopy, both 
infrared and Raman, was a powerful tool for the 
investigation of isotopic properties. Observations of the 
vibrational freqiuencies of isotopic molecules provide 
data for the calculation o f  equilibrium constants for 
isotopic exchange reactions, which are of interest for 
the chemical separation of isotopes. More recently we 
have used these methods to characterize new and 
unique compoiunds, such as the xenon compounds and 
the perbromate ion. Raman spectroscopy has become 
many orders of magnitude more sensitive with the 
development of comniercial laser light sources, and 
research and practical applications in this field are 
rapidly multiplying. We previously modified our Cary- 
81 Raman spectrometer to use laser light sources and 
are continuing our research program in molecular 

spcctroscopy as well as examining the use of lasers for 
the photochemical separation of isotopes. 

The fractionation of isotopes in the cuprous chlo- 
ride ---arnnionium chloride-carbon nionoxide system 
(the COCO system)' results froin an exchange reaction 
between gaseous carbon monoxide a n d  an aqueous 
cuprous chloride-ammonium chloride solution. The 
Raman spectrum of the aqueous solution is shown in 
Fig. 3.1. The interesting fealure of this Kaman spec- 
trum is the sharp band at 2098 cm-' ,  which is due to 
the stretchng vibration of the  "C--O bond in the 
complex. In gaseous ' 2Co this vibration occurs at 
2143.24 cm-' . The small band at 2050.2 cm-' is due 
to the presence of ' 3 C - 0  in the cornplcx. It is 
interesting that the stretching frequency, which de- 
creases 45 cm-' with the formation of the complex, 
has almost the same isotopic shift in the complex (A 
cm-' = 47.8) as in gaseous CO (A em-' = 47.2). Thus 
nearly all the isotopic fractionation of the system is due 
to the primary effect of bonding of the carbon atom of 
the CO in the solution complex. 

The Raman spectruni offers a convenient and rapid 
method of isotopic analysis of the solution. A very 
small drop in a melting-point tube may be used to 
obtain the spectrum; comparison of the areas of the 
2098.0- and 2050.?-cni-~' peaks then provides the 
abundance data. The ratios of the areas of these peaks 
in Fig. 3.1 give an isotopic analysis of 13.4% 13C, 
compared with 12.8% 1 3 C  determined by mass spectro- 
graphic analysis. Isotopic analysis of production plant 
sariiples could be obtained routinely and economically 
by this method. 

Fused salt systems are of considerable interest to 
ORNL in various applications, and last year3 we 
reported data obtained from Kaman studies of AICl3- 

OANL-UWG. 70-5584 
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Fig. 3.1. Raman spectrum of aqueous CiizC12 -8NH4CI.CO. 
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NaCl melts. This work has been extended to the 
AlRr3-NaBr and the AI13-CsI system. Kaman spectra 
were obtained for A1Br3-NaBr and AH3-CsI melts in the 
region 50-50 mole 76 to pure aluminum halide. Figure 
3.2 shows the Kanian spectra of  several mixtures o f  
niolten AlBr,-NaBr in the concentration region 50-50 
to 100-0 mole 76. The data are recorded in  Table 3.1. 
The Karnan spectra for three concentrations of the 
Al13-CsI system are shown in Fig. 3.3,  and the data for 
these melts and for polycrystalline CsAl, I, are given in 
Table 3.2. 

It ir clear from the Ranian spectra that, in the 50-50 
mol? ‘i/o mixtures, the AIBr3 -NaBr and All -CsI systems 
are similar to  the NCl,-NaCl system and that the 
dominant species is the tetrahedral AlX, ion, where X 
is CI, Br, or I .  ln the case ofAIBr,- and AH4-, only the 
four characteristic Rarnan peaks of the tetrahedral ion 
are seen, and any other species present at 50-50 mole %) 
must be in low concentrations. Table 3.3 lists the 
fiequencies we have observed f o r  the AIX4- ions and 
the assignments made to the vibrational modes, 
assuming tetrahedl al symmetry. 

Using the syrnrnetry coordinates of Meister arid 
Clevela~id,~ we calculated valence force constants for 
AIC14-, A1Br4-, and AH4-. The Wilson F and G matrix 
method’ was used, and solutions were artived a t  by a 
m:ichine-iterative leasl-square? process siniilar to that of 
Overend and Scherer.6 The AI-X distances were as- 
sumed h be 2.13, 2.27, arid 2.55 a for A1C14-, NBr,, 
and AD4- respectively. I t  was possible to fit the 
frequencies to within a few tenths of a wave number by 
various combinations of valence force constants, one o f  
the sitnplcst sets is given 111 Table 3.4. The nonzero 

ORNL- DWG 70-8446A 

RAMA! SPECTRA 
4 8 8 0 A  LASER 

GARY MONOCHROMATOR 
AI Br3- NaBr MELT -220°C 

EXCITATION 

I I I 
500 400 300 200 100 0 

A WAVE NUMBERS (cm-’) 

constants used were: f d ,  stretching; &, bending; 
bend-bend interaction between opposite angles; 

:Ind f d a t ,  stretch-bend interactions. The force 

Fig. 3.2. Raman spectra of molten AlBr3-NaBr at 220DC. 
Conditions: 4880-A laser excitation. Composition: (A) 50-50 
mole %; (0) 62-38 mole ’%; (0 75-25 mole %I; (D) 100-0 rilole 
5%. 

Table 3.1. Raman frequencies of the AIBrs-NaBr system at -220°C 
.- I-- 

Polarization 
12reyuency‘ (cm-l) at composition (mole Q AIBr3-NaBr) - 

50-50 52-48 54-46 62-38 67-33 15-25 80-20 100-0 
__ 

60 m 61 m 

103 m 98 tn 
114 s 114 s 113 s 108 in 109 m 109 m 

140 w 

75 s 1 3  s 7 3  s 71 s 

198 s 198 vs 199 vs 
209 vs 209 vs 209 vs 209 s 209 s 208 s 

409 w 408 w 

65 in 
80 m 

100 in 
112 ni 
141 ni 

199 s 
208 vs 
224 w 

65 s 
79 m 

113 111 

140 rn 
183 w 

208 vs 
224 w 
405 w 
434 w 
489 

P 
I) 

D 
P 
P 
P 
P 
l.)? 
? 
? 
D 

“s, strong; m, medium; w, weak; v, very; P, polarized; I), highly depolarized. 
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RAMAN SPECTRA 
4880 

GARY MONOCHROMATOR 
AI I, -Cs I  MELT-250°C 

(6 8 C ) AND 63288 (A )  
( A )  LASER EXCITATION 

n 

w 
-..-I L.. ...............I___ 
1 480 3Q0 200 I O 8  0 

A WAVE NUMBERS (cm-') 
Fig. 3.3. Raman slpezt-ra of molten AU3-Csl at 250°C. 

Conditions: 6328-w (.4) and 4880-8, ( B  and C )  l a y  LI excitation. 
Composition: ( A )  50-50 mole %; (B)  67-33 mole %; (C) 100-0 
mole %. 

constants clearly illustrate the progressive weakening of 
the AI-X bond as the size of the halide increases. 

In the fused AIC13-NaCl system, we observed Raman 
lines which we assigned3 to the A12C'l; ion. Cyvin e t  
aL7 independently obtained similarly results and made 
the same interpretation. In the spectra of A1Br3-NaBr 
and A11,-CsI mixtures, a similar effect may be seen with 
the appearance of a strong polarized line and several 
other weaker lines which are probably due to the 
A12Br7- and Al2I7- ions respcctively. This assignment is 
strengthened by the similarity between the spectrum of 
solid CsAI2I7 and that of the 67-33 mole % AlI,-CsI 
melt. 

rable 3.2. Raman frequencies and polariaation of the AII3-Csl 
System at 250°C and of solid CsA1217 

........ Frequencya (cm-') 

Composition (mole %), 
AII3-Csl melt 

50-50 67-33 100-0 

............I__ ...-.....__I_ 

Polycrystalline 
.................. ................ CsA1217 

35 m 
5 1 In 

69 m 
82 m 

137 s,P 
146 s.P 145 w,sh 

210 w,b 

288 w,P 

360 m,b 
336 v1.b 

48 m 
57 m 

80 m 
95 m,P 
1 3 2 \v 

145 s,P 
158 w,sh 
189 w,b 

277 vw 

339 w 

380 vw,sh 
404 w,b 

56, 60, 65 v; 
72 s 
82 s 

142 vs 

164 w 
183 w 
213, 221 w,b 
240 m,b 
292 in 
325 w 
370. 373,380 rn 

'w, weak; m, medium; s, strong; v, very; sh ,  shoulder; b, 
broad: P, polarized. 

Table 3.3, Vibrational frequencies (crn-' ) of nlirninurn 
tetrahalide ions 

Ion V I  ( A i )  v2 (E)  v 3  ( F z )  v4 (F2)  
... ~. 

AlCl; 351 121 490 186 

AI&,- 209 75 409 114 

All, 146 51 336 82 

Table 3.4. Valence force constants for AtCI,, AIBrL, 
and MI4- ions (rnillidyles/A) 

.................. __ 

Ion fd faId2 fa,vId2 vda -fda')/d ____ ~ 

AlCI; 2.58 0.14 - ~ 0 . 0 4  0.30 
AlRr,.. 2.06 0.10 - 0.02 0.17 

AU4- I .59 0.08 -0.02 0.15 

In all three cases we found the strongest, polarized, 
symmetrical stretching vibration of the AIX, ion to be 
very close to the similar vibration of the Al,X, dimer. 
The greatest difference occurred with A1C14--A12C16, 
where the two frequencies observed are 351 and 341 
cm respectively. Similar values for AlBr,--AI, Rr, and 
A114--N21, are 209, 208 and 146, 145 cm-'. The 



95 

frequency most characteristic of the AIz X7- ion, a 
strong palariaxl band, is found to  be lower than the 
syriirtie trical stretching frequency for either the AlX, 
ion or the N 2 X 6  dimer. This characteristic frequency 
occurs at 313, 198, and 137 cni-* for Al2C1,-, A12Br7-, 
and A1217- respectively. Table 3.5 lists the lines we have 
assigned to the A12X7- ions in the melt. A linear 
AI-C1-AI bridge with a sJaggered ethane-like structure 
( D 3 d ) ,  as assumed by Cyvin et a[.: will fit the data and 

Table 3.5. Vibrational frequencid (an-') for AlzX7- ions - 

AlzCI; A12Hr7- &I7-- 

43.5 w 

313 s,P 
165 m 
100 m 

198 s,P 
104 ni 
60 ni 

360 w 
288 w,P 
220 w 
137 s,P 
69 m 
3s 111. 

'P, polarized; s. slrong; m, medium; w, weak. 

is more likely than a lewsyinmetric structure which 
would have more Rarnan-active frequencies. 

Raman studies of several solute species in molten 
Lib-NaF-KF (46.5- Il.5-42.0 mole 5%) were undeitaken 
to obtain additional evidence for the existence of the 
superoxide ion 0; in this basic fluoride In 
additian to the spectium of the 02- ion, spectra of 

and C03'- ions w e ~ e  also obtained. A very 
simple procedure wds used to obtain the Raman spectia 
of these melts. Samples were sealed tinder slightly less 
than 1 atrn pressure of helium iri quartz tubes (4 mm 
OD and 2 in. long). The salt was melted inside the 
sample compartment of the Rarnan spectrophotometer 
by passing a current through a coil of platinum wire 
wrapped around the section of the quartz tube which 
contained the sample. The temperature of the sample 
WdS -500°C. 

The Riman spectrum of 02- in molten LiF-NaF-KF 
consists of a single, strongly polarized band at 1107 
cm-' , as shown in Fig. 3.4, Ilolzer et al." have reported 
an especially inteiesting series of observations of the 

ORNL-OWG 70-6162D 
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1300 f250 1200 i i 5 0  1100 1050 1000 950 900 
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Fig. 3.4. Raman spectrum of 02- at 500°C in molten LiF-NaF-KF. Conditions: 4880-8 argon ion laser excitation; slit width at 
4880 A, 5 cm-'. 
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Raman spectrum of 02- ion in alkali halide crystals. 
Here the 0; frequency varied from 1123 cm-' in KI 
to 1145 cm-' in KCl. It was shown that the vibrational 
frequency decreased with an increase in unit cell size of 
crystals having a common cation. By extrapolation, 
IIolzer and co-workers estimated the frequency for an 
isolated 0'- ion to be 1090 cm-' . In the LiF-NaF-KF 
melt, the 02- ion would not be isolated and yet would 
not be subjected to the same type of rigid repulsion 
experienced in crystals, Thus we observe the symmet- 
rical stretching vibration of 02- ion in the fluoride melt 
between that for the free 02- ion and that for the ion 
embedded in a crystal lattice. 

'The Raman spectrum of a solution of Na2CO3 in 
molten LiF-NaF-KF gave a single polarized band at 
1053 cm-' which we assigned to the symmetrical 
stretching frequency of COS2- (vl). It is interesting to 
compare this frequency with the value for aqueous 
carbonate ion, which is observed at 1060 cm-' . In both 
aqueous and molten fluoride solutions the other 
Raman-active bands of the C03'- ion are difficult to 
observe because they are weak and broad. Maroni and 
Cairns" recently reported Rainan values for the v 1  
stretching frequency of CO,'- in fused carbonates. 
They observed lines at 1064 and 1066 cm -' in melts 
having the compositions Li2 C 0 3 - K 2  CO, -Na2 CO, 
(42-27-31 mole 70) and L i 2 C 0 3 - K 2 C 0 3  (59-41 mole %) 
respectively. For the mixture Li2 C 0 3  -LiBr (1 3-87 mole 
%), they obtained 1080 cm-' . 'The large shift in the 
latter value was attributed to the prescnce ofexcess Li+ 

W c 

ions. However, our melt contained considerable Li+, 
and the shift was in the other direction. The observed 
shift must be due to an anion effect, since our system 
differed from that of Maroni and Cairns only in the use 
of fluoride rather than bromide salts. 

Since CrOa2- ion occurs occasionally as an impurity 
in molten fluoride solutions, a Raman spectrum of 
K2Cr04 dissolved in LiF-NaF-KF was obtained. This 
spectrum is reproduced in Fig. 3.5. The band assign- 
ments and positions as seen in the present investigation 
are: v l  ( A l ) ,  840 cm-I;  v2 (E) ,  348 cm- ' ;  v 3  (Fz), 
880 cm-' ; and v4 ( F 2 ) ,  378 cm-'. The peak a t  840 
cm-' is polarized, and the 378-cm-' band is almost 
hidden on the side of the 348-cm-' peak. The band 
assignments were made in accordance with those 
reported by Stammreich and co-workers.' There is a 
very close agreement between our values in molten 
IiF-NaF-KF and the valties reported for aqueous 
Cr04'- ion ( v l ,  847 cm-'; vz, 348 cm-I;  v,. 884 
cm-' ; and va, 368 cm-' ). As in the case of C 0 3  '- ion. 
we find a slight lowering of the symmetrical stretching 
frequency. In the absence of strong, specific inter- 
actions, ions in molten fluoride solutions seem to be 
analogous to ions in aqueous solutions. 

A new ion, Hg,", has been obtained" in acidic 
chloroaluminate melts (~nole ratio A1C13/MCI > 1, 
where M is an alkali metal) by the oxidation of mercury 
metal, present in excess, or by the partial reduction of 
Hgz2+. A solid compound containing this ion was 
prepared by mixing an excess of AICI3 with mercury 

L - - -  -- - - - -~ - 1  

1100 1000 900 800 703 600 500 "30  30C 200 
A WAVENJMHERS (cm-') 

Fig. 3.5. Raman spectrum of Cr04'- at 5OO0C in molten LiP-NaF-KF. Conditions: 6328-A helium-neon laser excitation; slit 
width at 6328 A,  5 cm-' . 
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and a known weight of €igC12. The mixture was sealed 
in a glass tube under vacuum and heated at 240°C. 
After the reaction (36 hr), the excess AlC13 and 
niercury were distilled off and condensed in one end of 
the rube, which was at 100°C. A yellow solid was 
obtained by cooling the ieinaining liquid slowly. The 
chemical analysts o f  this solid corresponds to the for- 
mula Hg,(AIC14)z . l  Figure 3.6 reproduces the Rnman 
spectrum of the yellow polycrystalline compound. Very 
strong Rainan peaks were observed at 93 and 123 cni-' 
and weaker peaks at 175, 225, 242. and 350 cin-'. The 
spectrum shows no evidence of Al,Cl, or of NzC17-, 
while the absence of the strong stretching vibratiori of 
Hg,Clz reported at l h 7  cm-' indicates that no or very 
little Hg2C12 is present. AlCl, has its strongest band at 
351 an- '  and weaker bands at 121, 186, and 490 
cm-* . We would not expect to see the 490-cm-' band 
because of its weakners, and the 121-cn1-' band would 
be ludden by the strong line at 123 cm-' . A weak peak 
can he seen near 180 cm-l in the spectrum. Therefoie 
we assign the 350-cm-l band to the AlC1; group. The 
crystalline compound IIg2 Cl, has its syminetric Ranian- 
active I-lg-Cl stretching frequency at 270 cm-' and its 
infrared-active antisyrnrnetric stretching frequency at 
261 cm-' . We observe bmds at 225 and 242 cm-'. We 
believe these bonds to be the result of Hg-Cl stretching 
vibrations. Since the vibrational frequencies o f  HgC12 
are much tliglier (v l  = 314 cm-I), we conclude that the 
Hg to which the C1 is bonded is probably also linked to 
another Hg atom. 

We believe the two strong Rainan peaks at 93 and 123 
cm-' are produced by the symmetric and anti- 
syninietric vibrations of the iIg3 group. The vibrational 
frequency observed previously for niolecules con taming 
Hg-Iig bonds varies from 108 to 193 cm-I. Either a 

500 400 xx) xx) 0 
A WAVE NUMBERS (cm-'1 

Pig. 3.6. Raman spectrum of polycrystalIine Hg3(AIC1&. 
Conditions: 5 145-8 laser eucltatmn 

nonlinear Hg-Hg-I-Ig grouping or a triangular tli ree- 
membered ring would produce two Raman-active bands 
in the observed region. Preliminary x-ray crystallo- 
graphic data show that the molecule contains a nearly 
h e a r  C1-Hg-HgHg-C1 group with an Hg-Hg-Hg angle of 
-174" and a G1-Hg-Hg angle of -172". The two 
remaining AIC13 groups have ietratiedral angles and are 
attached to the C1 groups with AI-Cl-Hg angles of 
-1 03". Therefore we assigu the mercury-mercury 
stretching frequencies as A 1 ,  93 cm-' (symmetric 
stretch) arid B 1 ,  123 cm-' (antisymmetric strctch), in 
accordance with expectations for a nearly linear model. 
The Ranian activity of the antisymmetric stretch 
apparently results from the lack of symmetry of the 
whole molecule and the deviations from linearity of the 
C1-Hg-Hg-Hg-C1 chain. Thus the Raman spectrum of this 
new compound clearly shows the presence of AlC1,- 
groups and of Hg-C1 and Hg-Hg bonds. 
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ISOTOPIC MASS SPECTROMETRY 

L. Landau 

During this report period water samples were ana- 
lyzed on ;I routine basis to monitor the periormmce of 
the Water Distillation Cascade. Oxygen samples were 
analyzed for 70, 0, Nz, Ar, and COz content to 
maintain control over the Thermal Diffusion Cascade. 
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Standaid O2 samples were prepared' by heating 
KMn04 to -250°C and collecting replicate samples of 
high-purity 02. 

A total of 400 samples were analyzed. 

_I_. . . . .. .. . . .. . . . . . .- 
1. R. C. Brasted, Cqmprehemive InoFganic Chemistry, vol. 8 ,  

p. 2 5 5 ,  Van Nostrand, Piinceton, N.J., 1961. 

COMPARATIVE ISOTOQIC CARBON ANALYSES 
OF CO AND C02  

1,. Landau J. S. Jones' L. L. Brown 

This study was undertaken to determine the relative 
merits of analyzing CO directly for 13C by mass 
spectrometric measurements of the relative peak heights 
at m/e ?9 and 28 (method I )  or by first oxidizing the 
CO to COz with V z 0 5  and making measurements on 
the m/e 45 and 44 peaks (method 2) .  V2 O5 was chosen 
for the oxidant because it forms no other gaseous 
products, and it worked well in the oxidation of AgCN 
to  CO2 I 

The advantages of the second method include the ease 
of handling and purifying C 0 2  because of its low vapor 
pressure at liquid N2 temperature and the avoidance of 
mass spectrometric neasuremcnts at wz/e 28, where CO 
from the filament and N2 interfere. 

Six mixtures of ' 3C0 were prepared by additions of 
normal co to a sample of CO assaying 55.43% 3 ~ .  

Each mixture was pumped through a mixing loop for 1 
hi  and then divided and sealed into four sample tubes. 
Two of these tubes contained V2 O5 and were heated to 
500°C for 1 hr, converting tile CO to C 0 2  quanti- 
tatively. 

Table 3.6. Analysis of carbon dioxide (metliod 2) 

(1JC/12C)samp,e/(13C/'2C)refere"ce 

Difference 
between 

duphcates 

Computed 
from Measured by mass spectrometry 

dilution (duplicate51 
procedure 

1.318 1 .3170i  0.001, 1,3180 + 0.0020 0.0010 
1.249 1.2469 f 0.0008, 1.2460 i 0.0010 0.0009 
1.133 1.1327 t 0.0009, 1.1326 k 0.0005 0.0001 
1.041 1.0412 ? 0 0004, 1.0408 f 0.0005 0.0004 
1.020 1.0199 I 0.0002, 1.0174 i 0.0002 0.0025 
1.01 2 1.0123 f 0.0004, 1.0120 f 0.0002 0.0003 
1.000 1.0000 t 0.0001 

Table 3.7. Analysis of carbon monoxide (method 1 )  
1 3  1 2  

(13C/12C)samp,e/( c/ C)reference 

Computed 
Difference 
be tween 

duplicates 

from Measured by mass spectrometry 
dilution (duplica tcs) 

procedure 

1.318 1.2887 ? 0.0006, 1.3091 I 0.0002 0.0204 
1.249 1,2274 * 0.0002, 1.2428 i 0.0003 0.0154 
1.133 1.1225 i 0.0002, 1.1284 t 0.0002 0.0059 
1.041 1.0390 i 0.0001, 1.0397 i 0.0001 0.0007 
1.020 1.0188 f 0.0002, 1.0187 * 0.0003 0.0001 
1.012 1.0116 f 0,0002, 1.0114 f 0.0002 0.0002 
1.000 1.0001 t 0.0001 

l'able 3.6 compares the six mixtures with a rcfcrence 
sample, first as calculated- from the volumes and 
pressures of the CO added, and then from the peak 
height ratios at nz/e 45 and 44 of the mixtures and the 
refircnce. Table 3.7 shows a similar analysis of the CO 
mixtures measured at m/e 29 and 25. 

'I'he C 0 2  analyses were consistent; the maximum 
deviation between duplicates was three parts per 
thousand. The CO analyses are very good for ratios near 
unity, but internal agreement is poor for higher ratios. 
The agreement with the values calculated from the 
dilutions is also poor. 

I t  appcars that oxidation of CO to C 0 2  with V 2 0 5  
works very well, and the precision and accuracy of the 
C 0 2  mass speziiometric analysis for 3C are superior to 
those by direct CO analysis. 

1. Student participant in the Great Lakes Colleges Associ- 
ation Scicncc Semester, Sept. 10-Dec. 18, 1970, from DePauw 
University, Greencastle, Ind. 

EXCHANGE OF OXYGEN BETWEEN CO;? (g) 
AND Vz 05 (s) 

I,. Landau J. S. Jones' L. L,. Brown 

V2O5 has been used to oxidize CO to COz for ' 3C 
isotopic analyses. If there were no exchange of oxygen 
between the CO, formed and V z 0 5  under the con- 
ditions for oxidation, it would be feasible to use this 
same reaction for "0 and ' ' 0  isotopic analyses also. 
If there were complete exchange, this reaction might 
still be utilized, but only if a small excess of V2 O5 wei-e 
used and if the amount were determined accurately. In 
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order to determine whether oxygen exchange occurs 
between V205 and C 0 2  under conditions suitable for 
the oxidation of CO, the following expeiiments were 
performed. 

A number of Pyrex glass tubes containing normal 
V 2 0 5  were filled with C 0 2  having a 70% l 8 O  assay. 
These tubes were heated at 400 or 5OO0C for different 
periods of time, the resulting C 0 2  was analyzed, and 
the extent of oxygen exchange was calculated. Table 
3.8 shows the results. 

It can be seen from the table that some exchange does 
take place under all conditions examined, but complete 
exchange would take a very long time or require a very 
high temperature. The two measurements indicating 
mole than 100% exchange o f  the available oxygen 
suggest either a lack of accuracy in estimating the 
aniount of reactants used or that oxygen from the glass 
is entering into the reaction. In view of these results, 
this system does not appear promising for the analysis 
of oxygen isotopes. 

Table 3.8. Rate of exchange of oxygen between 
COz (9) and V2 O5 (SI 

Temperature Time Percent 
exchange ("C) (11r) 

400 0.3 
0.5 
2.0 

500 0.3 
(1.6 
1.4a 
1.4b 
2.2 

16.0 
54.2 
66.2 

120.0 

2.0 
3.7 
1.2 

20.2 
29.1 
44.2 
50.9 
51.9 
65.7 

117.0 
95.8 

115.0 

1. Student participant in the Great Lakes Colleges Associ- 
ation Science Semester, Sept. lO- -Bc .  18, 1970, from lkPauw 
University, Greencastle, Ind. 
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OZONE FORMATION 1N ' M E  PULSE JhAI1IOLYSIS 
PHOTOLYSIS OF OXYGEN 

J. A. Ghormley 
C. J. Hochanadel 

J.  W. Boyle 
P. J. Ogren' 

The formation of ozone via the reaction 

following absorption of energy by a system containing 
oxygen is of both fundamental and practical interest. 
'The 0 atoms can originate from either ionic precursors 
or neutra.1 electronically excited precursors. We carried 
out a variety of studies aimed at determining mecha- 
nisms of O3 formation and inhibition, including: 
sensitized formation in mixtures with N,, Ar, or He; 
me of the electron scavenger SF6 to evaluate the 
contribution to the O 3  yield from ionic and excited 
precursors; inhibition of O 3  formation in the above 
mixtures by scavengers of electrons or negative charge 
(03,  SF6) or positive charge (NH3, toluene) and by 
water; the relative efficiencies of these  molecules as 
third body, M,  in reaction (1); and formation and 
reactions of the transients OB, HQ, , and N H  in some of 
these systems. The results are summarized briefly. 

Sensitized O3 Formation in the Pulse Radiolysis of O2 
Mixed with N, , Ar, or .He: The Use of SF6 to Evaluate 

the Yield from Ionic and Excited-State Precursors 

The gas mixtures were exposed to single pulses of 
electrons from a Febetron at a nominal niaxiinuin 
energy of 2.3 MV, a current of 5000 A, and a pulse 
duration of 30 nsec. We observed the formation of O 3  
(by its absorption at 2560 a) which occurs after the 
pulse via reaction (1). Under our cxperimental condi- 
tions O3 does not compete with 0, for 0 atoms. 
Therefore back reaction is negligible, and the total O 3  
yield and rate of formation can be accurately measured. 
Typical oscilloscope traces of O 3  formation are shown 
in Fig. 4.1 for pure 0, and 0, saturated with 1120 

The yields of O 3  in pure 0, and in mixtures with N2 , 
based on the total energy absorbed by the system, are 
shown in Fig. 4.2. Effects of the inhibitors SF6,  1-120, 

(3%). 

and NH3 on O 3  yields are also shown. Similar results 
are shown for 0,-Ar iriixturis in Fig. 4.3. Sufficient 
inhibitor was added to produce a limiting yield, as 
determined from plots such as those shown for 0, in 
Fig. 4.4 and for air in Fig. 4.5. The yield of O 3  in pure 
O2 was determined previously to be 13.8 molecules of 
O3 per 100 eV.* The presence of added SF6 lowers the 
yield to 7.2, indicating a yield of 6.6 from ionic 
precursors. Since the yield of ions is 3.1 (from the W 
value of 32.2 eV per ion pair), the neutralization 
reaction must be dissociative, 02+ (or 0;) + 0,- .+2O + 
02. Since no pressure effect was observed in the range 
0.1 to 1 atm, neutralization of 0,' by e-, if it occurs, is 
also dissociative. Sf'6 eliminates formation of 0 atoms, 
and therefore 0 3 ,  from ionic precursors by scavenging 

ORN L- DWG. 70-9-73 3 
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TIME IN MICROSECONDS 
Fig. 4.1. Oscilloscupe traces. Absorption by O3 at 2560 A 

following an electron pulse in O2 (upper trace) and in O2 
saturated with E 1 2 0  (3 mole 76) (lower trace). 

100 
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electrons and preventing dissociative neutralization of 
0,”.3 The ratio of the number of excited species to the 
riuniber of ions, Ne,/Nions = 1 . 1 ,  agrees with 
Platzniari’s4 calculations for a molecular gas. The shape 
of the upper curve in Fig. 4.2 indicates efficient Os 
formation from ions and electronically excited states of 
N, produced initially. A simple extrapolation of the 
upper curve gives an O3 yield of 9 . 7  from energy 
initially absorbed by N2.  Measurements of the rate of 
formation of O:, iri the 02-N2 system indicate that 0 2  

reacts directly with N2* and that little, if any, O3 
originates via N atom intermediates. The slow reaction 
N + O2 -+ NO + 0 would lead to O3 formation on a 
time scale an order of magnitude longer than that 
observed. 

Similar extrapolations of plots for O2 -Ar and 0 2  -He 
mixtures give O3 yields of -10.3 and -13.5 from 

’ 

ORNL-DWG. 70-11441 
1 

ELECTRON FRACTION 0 2  

Fig. 4.2. Effects of SF6 (I%), H l O  (3%), or NH3 (7%) on 
(;(03) in 02-N2 mixtures. 

ORNL-DWG. 70-71448 
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ELECTRON FRACTION 02 

Fig. 4.3. Effects of SF6 (I%), H 2 0  ( 3 1 ) ,  or NH3 (7%) on 
C(03) in 02-& mixtures. 

energy initially absorbed by Ar or He respectively. 
Extrapolation of the yield curves for mixtures with 
added SF, allows an estimate ofNex/iVions for the m e  
gases. The ratio is low, in qualitative agreement with 
Platzman’s4 calculation, =0.4. 

We made similar measurements of the yields (NO2 + 
N203) in the pulse radiolysis of NO with arid without 
added SF, and estimated this ratio for a third type of 
molecule, namely, one with an unpaired electron. The 
observed high ratio was in qualitative agreement with 
~ la tz rnan’s~  calculated ratio, N , , / N ~ , , ~ ,  = I .8. 

The high yield of O3 from energy absorbed i n  He and 
the large effect of SF6 indicate that reactions of He” 
and He* with O2 produce dissociative ionization. Each 
He* or Hee” leads to the formation o f 4  molecules of 0 3  

through the sequence 

He+ (or He”) + O2 --f O+ + 0 (+ e - )  + H e ,  

O’t 0 2  + O  t 0 2 + ,  

t 1 - 
c o~oLl--’ I I I I I I 1 1  I L 

v) 15 

10 

5 

0 .. - L . . . L . A . . l - d  

0 I 2 3 

CONCENTRATION OF I N H I B I T O R  I N  07 
(mole percent 1 

Fig. 4.4. Dependence of G ‘ ( 0 j )  on inhibitor concentration in 
0 2 .  
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0 I 7 3 

CONCENTRATION OF INWIRITOI? IN AIR 
(mole percent ) 

Pig. 4.5. Dependence of G(03)  on inhibitor concentration in 
ah. 

Effects of Q 3 ,  H2 0,  arid NH3 on the Ozone Yield 

The effects of these inhibitors on the O 3  yield are 
shown in Figs. 4.1 -4.5. It was suggested3 that in the 
steady radiolysis of 0 2 ,  the product O3 lowers the O3 
yield by scavenging negative charge and preventing 
dissociative neutralization of 02+. We confirmed this by 
adding O3 to  the O2 before pulsing (Fig. 4.4). 

Water has a large effect on the O3 yield, as 
shown by the figures. The addition of water t.o O2 
containing SF6 produces a small additional decrease 
in yield (Fig. 4.41, and in air containing SF6 it 
pioduces a greater decrease (Fig. 4-.5). It is clear that 
H, 0 eliminates O 3  forination from ionic precursors. 
The mechanism is likely to involve the clustering of 
02+ by I i 2 0  followed by the ion-rnolecule reaction 
0 2 + - H 2 0  t H 2 0  + H30+ + 01-1 4- 0 2 ,  as suggested by 
Fehsenfeld et al.5 The neutralization reaction is prob- 
ably H,O' + 02- --> H 2 0  + HQ2.  Both OM and H 0 2  
absorptions were observed in these systems. The addi- 
tional small decrease in yield of O3 on adding H 2 0  to  
O2 or air containing SF, may indicate reaction of H20 
with O2 * or N2 *. Reaction of HzO with N2 * may be 
the origin of NH observed in this system. Loss of O3 by 
reaction with OH and HOz is also possible. 

Ammonia has a very large effect on  the O3 yield. 
With its low ionization potential it is expected to be a 

positive-charge scavenger and eliminate O3 formation 
from ionic precursors via the reactions NH3 + 0 2 '  + 

NH; + Q 2 ,  NH; f NH3 + NH4+ f NH2, and NM4+ -t 
02- + NH3 + H 0 2 .  In oxygen, added NH3 lowers the 
O3 yield to  -23. In 0 2 - N 2  and 0 2 - A r  mixtures the O3 
yield with NH3 present is proportional to  the 0, 
concentration. 'This indicates that NH, reacts with N2 * 
and Ar* and eliminates O3 formation from energy 
initially absorbed by either Nz or Ar. The low yieldin 
O2 with NH3 present indicates a reaction stoichi- 
ometrically equivalent to NH3 f Oz8 -7 NM2011 + 0. 
However, O2 excited in the Schumann-Ruoge system is 
thought to dissociate very rapidly either directly or via 
predissociation. 'The NH3 presumably does not compete 
for 0 atoms, since the reaction is slow. Also, the resiilts 
show that the O3 yield reaches a limiting value (not 
zero) at high NH3 concentrations. 

From kinetic analysis of oscilloscope traces as shown 
in Fig. 4.1, we evaluated relative efficiencies as third 
body, M, for formation of ground-state O3 in reaction 
( I )  to be O2:N2:HzO:SF6:NII3 := 1 :2:36:44:50. From 
standard competition plots of results shown in Figs. 4.4 
and 4.5, the ratio of rate constants for reactions of SF6 
and Oz with electrons was 3000. 

1. Department of Chemistry, Maryville College, Maryville, 
Tenn. 

2. J.  A. Ghormley, C. J.  Ilochanadel, and J. W. Boyle, J.  
Chem. Phys. 50,419 (1969). 

3. C. Willis et al., Can. J. Chem. 48, 1505, 1515 (1970). 
4. R. L. Platzrnan, Int. J. Appl. Radiat. Isotop. 10, 116 

5 .  F. C. Fehsenfeld and E. E. Ferguson, J. Geophys. Res. 74, 
(1961). 

2217 (1969). 

ABSORPTION SPECTRUM AND REACTION 

IN THE GAS PHASE 

C. J. Hochanadel J. A. Ghormley P. J. Ogren' 

KLNIE'TIICS OF THE MO2 RADICAL 

The perhydroxyl radical, H02, is an important intei- 
mediate in many reaction systems in radiation chem- 
istry, photochemistry, atmospheric chemistry, and in 
combustion and other thermal reactions. However, it 
had not been detected spectroscopically in the gas 
phase despite many attempts. Porter' suggested that 
the reason for this is probably veiy low sensitivity 
resulting from a diffuse and uncharacteristic spectrim 
caused by predissociation. Its spectrum in aqueous 
solution has heen measured by pulse radiolysis3 and 
flash photolysis and is a broad band centered a t  -2300 
A. 
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In studies o f  various gaseous systems by pulse 
iadiolysis and flash photolysis, we observed weak 
absorption in the far ultraviolet which could be 
attributed to the I3O2 radical. The best conditions4 for 
measuring the spectrum were by flash photolysis o f  
water vapor (-3%) in argon, helium, or hydrogen 
containing -2% oxygen. Watet is dissociated in the fiist 
continuum to H and 01-1, and O2 converts the H atoms 
to €IOa. Hydrogen converts the OH to H (H2 + OH -+ 

H20 + H), thereby doubling the amount of HO, 
produced. The absorption spectrum of €io2 in the gas 
phase is shown in Fig. 4.6 and is characterized by a 
h a d  band centered at -2050 A. It is similar to the 
spectrum in aqueous solution but is shifted -250 A 
toward shorter wavelengths. 

Evaluation of the extinction coefficients E is based on 
analysis of the HzOz produced in the €I2-II20-O2 
system, assunling that all radicals are converted to H 0 2 ,  
which then coinbine to form €T2Oz and 02.' From 
second-order plots of €IO2 decay in the H z - H 2 0 - 0 2  
system, we obtain a rate constant for 2H02 -+ H202 f 

O2 o f  (5.7 * 0.5) X I O y  M-' sec-' at 298°K compared 
with reported values of 6.5 X 10' (ref. 6 )  and I .8 X 
lo9 (ref. 7). 
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Fig. 4.6. Absorption spectrum of the HOz radical in the gas 
phase (solid curve). The spectrum of IIOz in aqueous solution 
(dashed curve) is an average of five sets of  data by various 
workers summarized by Hielski and Gebicki (ref. 3).  The 
spectrum of H z 0 2 ,  produced by the combination of tf02 
radicals, is also shown (taken from I. G. Calvert and J .  N. Pitts,  
Jr., Photochemistry, p. 201, Wiley, New York, 1966; original 
references are given therein). 

Absorption attributed to H 0 2  was produced only 
with both H 2 0  and 0, in the system. With only € i zO 
present in Ar or He, the only absorber observed was 
OH, and with only O2 present, the only absorber was 
03 .  In the Ar-H2 0-O2 or He-H, 0-O2 systems the rate 
of HOz formation increased with increased O? concen- 
tration, and the formation time was consistent with 
pubhhed rate constants for M f O2 + M -+ H 0 2  + M 
(e.g., T = 7 pqec for 0.5% 0,). The yield increased with 
increasing O2 concentralion until it  reached a constant 
value above -2% O,, mdicating scavenging of an 
intermediate, probably H, by 02 .  The decay rate was 
indeperident of O2 concenti ation. 

Absorption by OW in the (0,O; A X+ + X 11) band 
at 3064 a was also observed in these systems. ft was 
produced during the flash. In the I i2-Hz0-02 systeni it 
decayed by pseudo-first-order reaction, giving a second- 
order rate const:mt for H2 + OH + HZ 0 + H of 4 X 1 O6 
iw-' sec-l :it 208"K, in agreement with values reported 
by Kaufnian8 and by Greiner.' 

I. Department oC Chemistry, Maryville College, Maryville, 
Tenn. 

2. G. Porter in Photochemistry and Reaction Kinetics, ed. b y  
P .  C .  Ashmore, F. S. Dninton, and 7.  M. Sugden, p. 100. 
Cambridge Press, Cambridge, 1967. 

3. Review by 13. H. J. Bielski and J .  M. C;;ttbicki in Advan. 
Radiat. Chem. 2, 191 (1970j. 

4. Absorption by I i 0 2  was also observed in the flash 
photolysis of NH3 (1%) + O 2  ( 3 % )  in Ar and in the pulse 
radiolysis of NH3 + 0 . 2  (6%), in  N2 or Ar containing H 2 0  (3%) 
and 0, (2%),  and in H2 + O2 (1%). 

5. The spectrum published here was revised in proof (July 11, 
1971) after the normal report period. The original estimate of 
emax at 2050 A was 1 I R O  M-' cm-l based on 0 3  formation in 
0 2  as actinometer. This value was uncertain because of 
inaccurate measurement of the relative absorption of the 
photolytic light by 0 2  and HzO. 

6. R. €1. Burgess and J .  C. Rohb, Reactions of Free Radicals 
in the Gas Phase, Chem. Soc. London, Spec. Pub. 9, 167 

7. S. N. Foner and K. L. Hudson, Advan. Chem. Ser. 36,  34 

8. F. Kaufman, Can. J. Chem. 47, 1917 (1969). 
9. N. K. Greiner, J. Chem. Phys. 46,2795 (1967). 

(1957). 

(1962). 

RADIATION CHEMISTRY OF 
GASEOUS METHANE' 

P. R. Reed' F. Sclmiidt-Bleek3 

Methane in the gas phase at 700 torr and at ambient 
temperature was irradiated with OCo gamma rays. 
Hydrogen, ethane, propane, n-butane, i-butane, and 
n-pentane were the products observed by gas chroma- 
tography. Product yields from methane were investi- 
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gated in mixtures of methane containing acetylene, 
ethylene, propylene, nitric oxide, and oxygen as a 
function of the concentration of the additive, normally 
f i o n  0.02 to 10 mole %. In those experiments using 
acetylene and ethylene as additives, acetylene-' 4C and 
ethy1ene-l4C were added to several samples in order to 
distinguish products formed from methane. 

The experimental hydrogen yield in pure methane 
was 5.48 f 0.09 molecules per 100 eV. All hydrogen 
yields from methane decreased rapidly a t  low additive 
concentrations and then more slowly with increasing 
additive concentration. Extrapolation of the hydrogen 
yields at the highei- additive concentrations to zero 
additive concentration gave a mea.n nonscavengeable 
hydrogen yield of G H 2  = 2.76 k 0.04. An initial 
hydrogen yield, G(H2)0 = 6.54 +_ 0.15, and a hydrogen 
atom yield, G, = 3.78 ? 0.14, from methane were 
determined from a kinetic analysis of the hydrogen 
yields in the methane + additive mixtures. A mechanism 
consistirig of the primary ionization processes, excita- 
tion, ion-molecule, and radical reactions was capable of 
accounting for the initial hydrogen, hydrogen atom, 
and nonscavengeablc hydrogen yields in pure methane. 
Ratios of the rate constants for the reactions of the 
hydrogen atom abstraction with methane to the rate 
constants for hydrogen atom addition to the additive 
were determined. 

In pure methane, G(C2H6) was 2.16 f 0.03. Ethane 
yields decreased as the concentrations of acetylene, 
ethylene, propylene, and nitric oxide were increased. 
No ethane was observed when oxygen was present in 
concentrations greater than 0.89 mole 70. 

No unsaturated products were detected in the radi- 
olysis of pure methane. Irradiation of methane with 
added O2 (0.02 1 %), NO (0.054%), C3H6 (0.039%), and 
C2H2 (0.042%) gave G(C21-14) of 0.84, 0.93,0.83, and 
1.28 respectively. Yields of ethylene decreased as the 
concentrations of nitric oxide and oxygen were in- 
creased, hut the eth.ylene yields increased to a limiting 
value as the propylene concentration was increased. In 
methanc + acetylene-' 4 C  mixtures, I4C-labeled ethyl- 
ene was observed. The ethylene yield from methane in 
mixtures which contained 0.09, 2.1, and 9.0% acetylene 
accounted respectively for 34, 46, and 62% of the total 
ethylene yield observcd. Yields of acetylene, propylene, 
and butene-1 in the radiolysis of pure methane were 
estimated by extrapolating their respective yields ob- 
tained in the methane + additive mixtures to zero 
additive concentration. Values of G(C2H2) = 0.031 t 
0.003 and 0.041 f 0.005 and G(l-C4H,) = 0.017 * 
0.003 and 0.027 f 0.003 were determined with 
ethylene and propylene as additives respectively ; 

C(C3H6) = 0.05 .+ 0.01 and 0.021 5 0.003 were 
determined with added acetylenc and ethylene. 

Other significant products observed during the radi- 
olysis of methane + additives included benzene plus a 
yellow solid with added acetylene; propane, butane, 
and cyclopropane with added ethylene; methylcyclo- 
propane with added propylene; nitrogen and nitrous 
oxide with added nitric oxide; and carbon dioxide with 
added oxygen. 

1 .  Abstract of Ph.D. thesis submitted to Purdue University, 

2. AUA-ANL Predoctoral Fellow from Purdue TJnivertity, 

3.  Chemistry Department, University of Tennessee, Knox- 

Lafayette, Ind., August 1971. 

Lafayette, Ind. 
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TOQXIDA'SIQN AND FLUORESCENCE 
OF CERIURI(III j IN AQUEOUS 
SULFURIC ACID SQLUTIONS 

R. W. Matthews' T. J. Swoi-ski 

The HC radical ion,2 H atom,334 and hydrated 
electron' have been suggested as possible intermediates 
in the photooxidation of cerium(II1) in acidic aqueous 
solutions. To determine the nature of the intermediate 
in the photooxidation of cerium(III), we conducted a 
kinetic study of the photooxidation and fluorescence of 
cerium(ll1) in 0.4 M sulfuric acid solutions containing 
peroxydisulfuric acid. We previously determined6 the 
relative reactivities of oxygen, peroxymonosulfuric 
acid, and peroxydisulfuric acid with H atom by a 
kinetic study of the oxidation of cerium(II1) by 
peroxysulfuric acids induced by 6 o  Co gamma radiation. 

Our results are quantitatively explicable by the 
following reaction rriechanisni : 

The fluorescence F for any peroxydisulfuric acid 
concentration is related to the fluorescence Fo in the 
absence of peroxydisulfuric acid by Eq. (I): 
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The fluorescence at  350 nm induced by excitation at  
300 nni adhered well to Eq. (I) with k 3 / k z  = 99.0 k I .5 
for 0.03 M cerium(li1) solutioiis and k,/k2 = 04.6 k 1.3 
for 0.003 M cerium(II1) solutions. 

The quantum yield of cerium(lV), q5(CeIV), is related 
to the quantuni yield of excited cerium(liI), @(CelI1)*, 
by Eq. (IT): 

The quantum yields of cerium(1V) for 0.03 M 
ceriurn(lI1) solutions with excitation at 300 nm adhered 
well to Eq. (It) with k3 /k2  = '38 k 7 for both 
oxygen-free solutions and air-saturated solutions. 
q5(Ce111)* = J .@ t 0.2 was deiermined by ferrioxalate 
actinometry7 using a quantum yield of 1.24 for ferrous 
ion at 300 nm. 

Our results show no evidence for any significant yield 
of either Hz+, €1 atom, or hydrated electron as ;in 
intermediate in the photolysis of cerium(l1l) solutions 
at 300 nm. Our results are not inconsistent, however, 
with the previous alternative suggestions2 t 3  that solute 
may react with electronically excited cerium(ll1) that 
has formed a complex with hydrogen ion. 

I .  Visiting scientist from the Austratian Atomic Eliergy 
Commission Research Establishment; Lucas Heights, New South 
Wales. 
2. L. J. Heidt and A. F. McMillan, J.  Amer. Chem. Soc. 76, 

2135 (1954). 
3. F. H.  C. Edgecornbe and K. G. W. Norrish, Nature 

(London) 197, 282 (1963). 
4. F. Hussain and R .  G. W. Norrish, Proc. Roy. Snc. Ser. A 

275, I61 (1963). 
5.  A. W. Adanison et al., Chern. Rev. 68,541 (1968). 
6 .  R. W. Matthews, H.  A.  Mahlmm, and T. J. Sworski, J.  

7. C. G. Hatchard and C. A. Parker, Proc. Roy. Soc. Srr. A 
Phys. Chem. 74, 2475 (1970). 

235, 518 (1956). 

REDUCTION OF CERIUM(1V) BY HYDROGEN 
PEROXIDE: DEPENDENCE OF REACTION RATE 

ON HAMMETT'S ACIDITY FUNCTION' 

H. A. Mahlnian R. W. Matthew? T. J.  Sworski 

Keduction of cerium(1V) by hyclrogen peroxide in 
aqueous solutions was postulated3 ,4 to proceed 
through two consecutive one-electron transfer reac- 
tions: 

CeiV + H 2 0 2  -+ Cetl' + 11' t €IOz , 

CeIV t H 0 2  +Ce"I + H+ + O2 . 
(1)  

( 2 )  

Isotopic exchange between ceriuin(1V) and iadioactive 
cerium(III), induced by reaction of ceriuni(1V) with 
hydrogen peroxide, was interpreted5 as evidence for the 
reverse of reaction (I):  

This was confirmed6 in a kinetic study using dynamic- 
flow methods; at high cerium(I1i) concentrations, when 
k- [M'] [CelI1] is much greater than k2 [CeIV], the 
rate of reaction adhered well to Eq. (I), 

in which kobs = k ,  k 2 / ( k  
We report a kinetic study of the reduction of 

ceriuni(1V) by hydrogen peroxide both in sulfuric acid 
solutions from 2.0 to 13.0 M and in arninoniuni 
bisulfate solutions from 1.0 to 5.0 M. The late of  
reactiori in all experiments adhered well to Eq. (I). 
Figure 4.7 shows a niatked dependence of kobs on both 
sulfuric acid and ammonium bisulfate concentrations. 

[H'] ). 

Protonation of NO2 

The dependence of kobs on sulfuric acid concenfra- 
tion from 0.4 to 8.0 M can be quantitatively explained 

6 

"7 D 0 
1 

m 
0 - 

4 

0 5 10 15 
MOLARITY 

Fig. 4.7. Dependence of kObs on ammonium bisulfate and 
sulfuric acid concentrations. 0,  drniiion~nm bisulfate soh tions; 
0, sulfuric acid solutions, data of this paper; 0 ,  wlfuric acld 
solutions, ddta ot ref 5; A ,  computed curve uang Eq. 11; B ,  
computed curve using Eq. 111. 
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by assuming virtual equilibrium betwcen IIQ2 and 
H2Q2+, with KIll02+ = ho [HO,] /[H,Q+].  The func- 
tion ho is related to Ilammett's acidity function Ho by 
the relationship Ho = -log ho .7 The data are consistent 
with the following reaction mechanism: 

CeIV + !IO2 -+ Ce"' + 1-10; , (5) 

Kk{oZb  and Kf<,0,2~ are assumed to be large and 
reactions (5) and (7) are therefore sensibly irreversible. 
The rate of cerium(1V) reduction is then given by Eq. 
(I) with 

The data adhere well to Eq. (TI), as indicated by 
computed curve A in Fig. 4.7, with k7k3  f k .  = (2.8 _+ 

0.2) x 104 M - I  sec-' and ksKH202+/kl = (4.4 i 0.3) 
x 10'M. 

Protonation of HZ 0 2  

The increase in kobs with further increase in sulfuric 
acid concentration from 8.0 to 13.0 M can be quanti- 
tatively explained by assuming virtual equilibrium 
between H2Q2 and I1302+, with K H , O ~ + = ~ ~  [H,02]/  
[H3Q2+ 1 .  The data are consistent with inclusion of 
reactions (9)-( 1 1 )  into our proposed reaction mecha- 
nism : 

K H 3 0 2  z+ is assumed to be so large that reaction ( I O )  is 
sensibly irreversible. The rate of cerium(1V) reduction is 
then given by Eq. (I) with 

The data adhere well to Eq. (HI), as indicated by 
computed curve B in Fig. 4.7, with k3k7/k...3 = (2.6 2 
0.3) X lo4 iM-' sec-', k5KHzO2+/k7  = (4.8 .L 0.6) X 
10' M, and k 3 K I I , ~ 2 + / k 1 0  = (1.1 f 0.2) X I O 5  M. 

'This kinetic study provides the basis for determining 
the importance of hydrogen peroxide as an inter- 
mediate in the radiolysis of sulfuric acid solutions 
containing cerium(1V) since it would cause significant 
postirradiation reduction of cerium(1V) at sufficiently 
high radiation intensities. 

1 .  Expanded abstract of published paper: J. Phys. Cherrz. 75,  
250 (1971). 

2. Visiting scientist from thc Australian Atomic Energy 
Coinmission Reseaxch Establishment, Lucas Heights, New South 
Wales. 

3. S. Bacr and G. Stein, J. Chem. SQC. Londori 1953, 3176. 
4 .  J. H. Baxendale, Special Publication No. I ,  p. 40, The 

5.  P. B. S i g h  and B. J .  Masters, J. Amer. Chern. SOC. 79, 

6 .  G .  Czapski, B. Biclski, and N. Sutin, J. Phys. Chem. 57, 

7. 1,. P. Haininett, Physical Organic Chemistry, chap. 9 ,  

Chemical Society, London, 1954. 

6353 (1957). 

201 (1953). 

McGraw-Hill, New York, 1940. 

REDUCTION OF CERIUM(IV) BY NITROUS ACID 
IN AQUEOUS NITRIC ACID SOLUTIONS 

R. W. Matthews' T. J. Sworski 

The reduction of ceriurn(1V) by nitrous acid in 
aqueous sdfuiic acid solutions was postulated' to 
occur by the following reaction mechanism: 

The rate of reaction adhered well to Eq. (L): 

-d[CeIV] /dt  = k l  [CeIV] [HNU2] . (1) 

In sulfuric acid solutions from 0.2 to 2.0 M, k l  was 
found to be inversely proportional to the sulfuric acid 
concentration. 

The rate of reaction in nitric acid solutions also 
adheres well to  Eq. (I). 'Table 4.1 shows that k l  
decreases markedly also with increase in nitric acid 
concentration from 6.0 to 12.0 M. The constancy of log 
k l  - 2Ho at high nitric acid concentrations suggests 
strongly the importance of protonation equilibria either 
between NOz-, H N 0 2 ,  and H2N0; or between NOz-, 
I-INO', and NOz. Our results are consistent with the 
assumptions that reduction of cerium(1V) occurs only 
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Table 4.1. A correlation between the rate of cerium(rV) 
reduction by nitrous acid and the Hammett acidity function 

log k ,  

6.0 1.94 3.54 f 0.08 7.42 
7.0 2.18 3.22 f 0.02 7.58 
8.0 2.40 2.87 f 0.03 7.67 

10.0 2.80 2.07 + 0.01 7.67 
12.0 3.21 1.24 i 0.02 7.66 

'Interpolated from the data of J. G. Dawber and P. A. €1. 
Wyatt, J. Ckenr. Soc. London 1960, 3589. 

through reaction with NOz- and that nitrous acid exists 
predominantly in the form of NOz or IIzNO; at high 
nitric acid concentrations. 

This kinetic study provides the basis foi determining 
the importance of nitrous acid as an intermediate in the 
radiolysis of nitric acid solutions containing cerium(lV) 
since it would cause postirradiation reduction of 
cerium(1V) at sufficiently hgh radiation intensities. 

1. Visiting sdentist from the Australian Atottiic Energy 
Comimssion Rese.uch Establishment, Lucas Heights, New South 
Wales. 

2. 'r. J. Sworski, R. W. Matthews, and 11. A. Mahlman, 
Advan. Chem. Ser. 81, 164 (1968). 

ENERGY TRANSFER AND THE RADIOLYSIS 
OF ALIPHATIC CARBOXYLIC ACIDS 

A. R.  Jones 

The gamma radiolyses of normal aliphatic carboxylic 
acids at 77OK lead to the production of carbon dioxide 
at constant rates from each individual acid. The 
radiolytic yields of carbon dioxide are shown as a 
function of the number of carbon atoms in the acids in 
Fig. 4.8. An informative comparison may be made by 
plotting simultaneously the data of Fig. 4.8 and data 
from irradiations of the same acids in the liquid state,' 
as is shown in Fig. 4.9. The results at 77°K are then 
readily seen to separate the acids into three groups: (1) 
C 1 ,  C1 5 7  and CZ2 acids; (2) the odd-numbered acids 
above and including C1 ; and ( 3 )  the remainder of the 
homologs. 

The singular yield of carbon dioxide from formic acid 
will not be discussed at this time, merely recalling the 
uniqueness of formic acid as the first member of the 
series. For example, all of the other homologs exist as 
dimers in the solid state; formic acid is polymeric.' The 
experimentally reproducible carbon dioxide yields from 
the C I S  and CZ2 acids may be indicative of some 
peculiarity of structure which demands a separate 

discussion, but at this time they will be ascribed to 
impurities and will not be considered further. 

Figure 4.9 shows the startling fact that for the, 
odd-numbered acids (except C1 5 )  above and including 
C, the carbon dioxide yields obtained by irradiating 
these substances in the solid state at 77°K are the same 
a5 the yields obtained by irradiating them iis liquids at 
temperatures several hundred degrees lugher, 330 and 
365°K. With the exception of the isolated data points 
for C , ,  C I S ,  and Cz2 at 77"K, the carbon dioxide 
yields for the remaining honiologs - with special 
emphasis on the even-numbered acids above C8 are 
lower and decrease with increasing chain length at a 
slower rate than the carbon dioxide yields from the 
same acids irradiated as liquids. 

The observed decrease of G ( C 0 2 )  with inciease it1 
chain length can be interpreted by assuming that the 
interactions of a secondary electron with different parts 
of a normal carboxylic acid molecule are not equally 
effective in producing a particular unstable excited 
state. Even without a quantitative theory, one can 
interpret the observed change in yield with change in 
chain length within the framework of this assumption. 
Interaction with electrons of atoms farther removed 
from the carboxyl group is presumably less effective in 
exciting the molecule to the unstable state. For this 
reason the value of G(C0,) stcadlly decreases with 
increase in ch;un length. A simple description of the 
effectiveness of the interaction IS obtained by dividing 
the molecule into two regions. Interaction in one region 
alone is assumed to be effective in exciting to  the 
unstable state. This region would include the carboxyl 
group and perhaps a few nearby atoms. Since the 
energy absorbed by a molecule is proportional to the 
total number of electrons in the molecule, E, the yield 
of carbon dioxide should be inversely proportional to E 
for the longer homologs. 

With ths simple description one might expect for a 
plot of G(C02) vs electron fraction of COOH in 
RCOOH that all of the data points except possibly 
those for a few of the smallest homologs might fall on a 
straight line passing through the origin. Ths  was the 
case for the liquid acids when the points for formic and 
acetic acids were excluded.' The odd-numbered acids in 
the 77'K irradiations whose COZ yields f a l l  on the 
liquid curve (Fig. 4.9) of course also display this same 
behavior. The COz yields from the remaining solid acids 
(excluding C 1 ,  C, 5 ,  and C2') also produce a straight- 
line correlation, as is shown in Fig. 4.10. 

1. A. K. Jones, Ckem. Div. Annu. Rogr. Rep. May 20, 19 70, 

2. F. I-Ioltzberg, R.  Post, and I .  Fankuchen,J. Chem. Phys. 
ORNL-4581, p. 76. 

20, 198 (1952). 
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YIELD OF CARBON DIOXIDE FROM R-COC)H vs NUMBER OF CARBON ATOMS 
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Pig. 4.8. C(CO2) from n-aliphatic acids irradiated at 77°K YS chain length. 
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y YIELD OF CARBON DIOXIDE FROM R-COOH V S  NUMBER OF CARBON ATOMS FOR ACIDS 
IRRADIATED AS LIQUIDS AND AT 77OK 

2% 
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T- 16 

NUMBER OF CARBON ATOMS 

Fig. 4.9. Yields of carbon dioxide from n-aliphatic acids irradiated as liquids and as solids vs chain length. Solids irradiated at 
77°K; liquids irradiated at various temperatures: 0, 3 8 ° C  A, 57"C, 3,92"C. 
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VARIATION OF THE YIELD OF CARBON DIOXIDE WITH T H E  CONCENTRATION 
OF CARBOXYL FOR ACIDS IRRADIATED AT 77OK 
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ELECTRON FRACTION OF COOM IN A-COOH 

Fig. 4.10. Correlation of the yield of carbon dioxide from the gamma radiolysis of iz-rliphatic acids irradiated at 77°K with the 
carboxyfic electron fraction UI the acid. Included in the least-squares curve are acids C2 through C9 and the even-numbered acids C1 
through C24. Datum point for formic acid i s  qhown. 
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RADIATION AND HOT-ATOM CHEMISTRY 
OF INORGANIC CRYSTALLINE SOLIDS 

A RAMAN SPECTRAL STUDY OF THE Co 
GAMMA RADIOLYSIS OF 0-ENRICHED 

POLYCRYSTALLINE KNO, 

M. 1-1. Brookerl G. E. Boyd' 

The effects of an atmosphere of natural isotopic 
abundances of oxygen and nitrogen on the 6oCo 
gamma radiolysis of 0-enriched polycrystalline 
KNOz have been studied by Ramal and infrared 

spectroscopy. It has been shown that atmospheric O2 
is incorporated into the reactant KNOz arid into its 
radiolysis product KN03. Similar studies with "N- 
enriched KNOz have sliown that atmospheric nitrogen 
does not exchange. Kaniari spectroscopy has proved to 
be an excellent nondestructive in situ niethod of de- 
tecting stable radiolytic decomposition products in 

Oxygen- 18-enriched KNOZ (nominal 73% ' 0 en- 
riched) purchased from Isomet Corporation was used 
after treatment of its aqueous solution with Norit A 
decolorizing carbon and subsequent recrystallization (to 
remove fluorescent impurities). Raman spectra were 
recorded on a Jarrell-Ash model 25-300 Ranian spec- 
trometer after sample excitation with the 4880-k% line 
of the Coherent Kadiation model S2B argon ion laser. 
Kaman bands at 806, 787, and 767 cm-' were assigned 
to the v2 bending modes of the isotopically different 
nitrite species N1 02-, N' '0 '  I3 0-, and N' ' 0 2 -  respec- 
tively. The Rarnan bands of 1056, 1036, 1016, and 096 
cm-' were assigned to the v1 symmetric stretching 
mode of the isotopically different nitrate species 
N l ' 0 3 ,  N ' 6 0 2 1 8 0 - ,  N"01802-,  and N"0; 
present initially as an impurity in the KNO, .3  Quanti- 
tative measurements of the a r e a  under the barids for 
each species indicate that the original 0 enrichment 
of the nitrite species was s[%; however, rhe " 0  
enrichment of the nitrate impurity was only 44%. 
Raman analysis4 for nitrate indicated that the total 
nitrate impurity was 2.2 wt %. Duplicate samples of the 
' * 0-enriched KNO, were irradiated siniultaneously in 
the center position of a 6 0 ~ o  gamma-ray source. One of 
the samples was degassed at 200°C and sealed under 
vacuum 111 thin-walled Pyrex capillary tubes, while the 
other sample was left open to the atmosplieie. Raman 
spectra were recorded for the samples in the same 
capillaries in which they were irradiated. 

The difference between the "0 enrichmeti t of the 
sarnples irradiated in vacuo arid open to the atmosphere 

was striking (Fig. 4.1 1). Atmospheric ' ' 0, was rapidly 
incorporated into nitrite ion, as evidenced by the 
increase in the band intensities at 806 and 787 cm-* 
for the open atmosphere irradiated sample. For the 
sample irradiated in v:icuo, the "0 enrichment was 
virtually unaltered. These results explain the relative 
stability of the nitrite ion to ionizing radiation previ- 
ously reported.' Nitrite ion i s  not unaffected by 
radiation, but rather, after the absorption of energy, the 
excited intermediate reverts to  nitrite ion. Apparently 
this excited intermediate can exchange oxygen readily 
with the atmosphere. 

An increase in the intensity of the nitrate ion bands 
was observed with both the in vacuo and open 
atmosphere irradiated samples, but the ;mount of 
nitrate produced was greater for the sample irradiated 
open to  the atmosphere (Fig. 4.11). In addition, the 
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Fig. 4.11. Photograph of portions of Raman spectra of 
'80-enriched KNOz. C-1) Irradiated in vacuo, dose 1.8 X lo2" 
eV/mole; (B)  irradiated open 10 atmosphere, dose 1.8 X loz4 
eV/mde; and (C) unirradiated sample. Instrument conditions: 
slits 3.0 cm-'; s x lo3 coimts/sec; 2-sec time constant; 4880-8 
argon ion exciting line. 
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' 8O enrichment of the nitrate ions in the two samples 
was very different. The sample irradiated in vacuo had 
an 8 O  nitrate enrichment which was greater than the 
original starting material. This observation appears to  
confirm an earlier conclusion3 that the ' 0-containing 
nitrate species are more stable toward decomposition 
by 'Co gamma radiation than the corresponding ' 0 
species. 37,61 (1968). 

1. Visiting scientist, National Research Council of Canada 

2. Director's Division. 
3. M. H. Brooker and G. E. Boyd, Chem. Div. Annu. Progr. 

4. M. €1. Brooker and TI. E. Irish, Can. J. Chem. 45, 229 

5. Y. A. Zakharov and V. A. Nevostruev, Russ. Ghern. Rev. 

Postdoctoral Fellow, 1969-71. 

Rep. May 20, 1970, ORNL4581, p, 82, 

(1968). 



5.  Organic Chemistry 

PREPARATION OF VINYL ESTERS 

Ben M. Benjamn Clair J. Collins 

Reactions which proceed through vinyl carbonium' 
ion intermediates have recently been studied; however, 
the properties of the vtiiyl cations have not been 
carefully examined. Therefore we have decided to 
attempt to prepare selected compounds which can be 
induced to give stable vinyl cations when treated with 
super acid (such as SO2 -SbFS-HF) at low temperatures. 
A ninr spectroscopic study' of the stable vinyl cations 
is sxpected to reveal whether the positive charge is 
delocalized. This infornntion will then be compared 
with data obtained from the reactions of identical vinyl 
cations produced from the solvolysis of 4C-labeled 
vinyl p-toluenesulfonates. 

First we chose to  yynthesize tripheiiylvinyl acetate 
and triphenylvinyl tobyla te by reaction of the corres- 
ponding enolate ion with the appropriate acid chloride. 
Conventional methods of preparation of tridrylviny13 
esters result in partially rearranged products. 

The reaction of benzhydryl phenyl ketone (1) with 

reaction is thought to be general for ketones contain- 
ing a tertiary hydrogen CY to  the carbonyl group, for 
example, benzhydryl p-tolyl ketone (S), p-niethylbenz- 
hydryl phenyl ketone (6 ) ,  and 3-endo-phenylbicyclo- 
12.2.11 heptanone-2 (7). 
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Ketones which have two hydrogens adjacent to the 
cjrbonyl react with sodium amide to  give enolates, but 
treatment with acid chlorides gives mixtuies of cleavage 
products and mono- and disubstituted products whose 
structures have not yet been confirmed. Some of these 
reactions wlll be studied further to determine their 
potential value in organic synthesis. 

sodium amide, followed by treatrnerit of the sodium 
emlate ( 2 )  witti acet.yl chloride, gave tciphenylvinyl 
acetate (3), rn.p. 105". However, when the sodium 
enohte was treated with p-toluenesulfonyl chloride, the 
only products formed were 2,2-dipheiiyl-2-cliloroaceto- 
phenone (4) and sodium p-toluenesulfinate. The latter 

1. M. tIamck, AcootcPlts CIwm R ~ ~ .  3,209 (1970). 
2. 'The portion of this research involvirig the nmr investiga- 

tion is being done in collaboration with Dr. John W. Larsen, 
University Of 

3 .  W. M. Jones and F. W. Miller, J. A ~ c T .  Chew?. SOC. 89,  
1960 ( I  967,. 
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THE DEAMINATION 
OF 1-CYCLOPENTYLETHYLAMINE 

C. J. Collins J. R. Wiersig' B M. Benjamin 

The deamination of alkylamines usually results in the 
formation of alcohols and olefins. In the case of 
cycloalkylamines some products are for rned as a result 
of ring expansion. l-CyclopentylethyLirilltie (1) IS re- 
ported2 to give mainly I -cycIopentyIethaaoI (2), 1-  
ethylcyclopeotanol (31, Iruns-d-niethylcyclolie~nol 
(4), and a Small amount of rnixed olefins. We were 
interested to l ean  i f  compound 4 is formed partially 
through protonated cyclopropane ~nterniediates~ rather 

113 



114 

than through conventional carbonium ion rearrange- 
ment. The two mechanisms should result in product.; 
with different ' 4 C  position labels, starting with amine 1 
labeled in the 1 position of the cyclopentyl ring. 

1 -(Cyclopentyl-1-' 4C)-ethylamine, 0.1937 mCi/mole, 
w;1s synthesized. It was deaminated using sodium nitrite 
in acetic acid saturated with sodium acetate. The 
mixture of products, as acetate esters, was treated with 
lithium aluminum hydride. The resulting alcohol mix- 
ture was treated with phthalic anhydride, and the 
phthalic acid ester of 4 was isolated by fractional 
crystallization. Hydrolysis of the ester gave the pure 
alcohol, which was then oxidized to the corresponding 
ketone, 2-niethylcyclohexanone (5 ) .  Compound 5 was 
treated with phenylmagnesiiim bromide, and the 
product of this reaction was oxidized to benzoic acid. 
The radioactivity of the benzoic acid was 0.1906 
mCi/mole. It is therefore concluded that no more than 
1.5% of the deamination reaction proceeded through 
protonated cyclopropane intermediates. 

1. Student participant in the Great Lakes Colleges Association 
Science Semester, Sept. IO--Dec. 18, 1970, from Denison 
University, Granville, Ohio. 

2. P. A. S. Smith, D. R. Baer, and S. N. Ege,J. Amer. Chem 
SOC. 78,4564 (1951). 

3. C. J. Collins, Chem Rev. 69, 543 (1969). 

soEvoLYsIs OF 3-P ENYLZBROMOPROPANAL 

Ben M. Benjamin Clair J. Collins 

Because of our interest in moleciilar rearrangement, 
we decided to investigate the acid-catalyzed isomeriza- 
tion' of 3-phenyl-2-hydroxypropanal (1 )  to 1 -phenyl- 
1-hydroxy-2-propanone (2). A mechanism for the ie- 
arrangement hac; not been suggested, arid we ex- 
perienced difficulty in proposing one. 

ORNL- DWG. 11- 5404 
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Aldehyde 1 is reported to have bcen prepared by 
hydrolysis of 3-pheny1-2-broni~~propanal (3) in the 
presence of freshly precipitated barium carbonate. For 
us the procedure resulted only in the isolation of 

polymeric material; qimilar resu!ts were obtained when 
hydrolysis was attempted with calcium carbonate or 
with dilute aqueous sodium bicarbonate. 

When the bromoaldehyde 3 was solvolyzed with 
potassium acetate in acetic acid at steam-bath tempera- 
ture, it was slowly converted to  2-acetoxy-3-phenyl- 
propanal ( I s ) ,  which could be isolated a9 a mixture with 
3, and another compound later identified as 1 -acetoxy- 
3-phenyl-2-propanone (5 ) .  Compound 4 was detected 
and identified by nmr spectroscopy. Heating the acetic 
acid reaction mixture for a longer time or at higher 
temperatures resulted in good yields of 5. 

When 5 was heated with a dilute solution of sulfuric 
acid in ethanol the only reaction observed was hydroly- 
sis of the acetate to give the free keto alcohol 6 .  
Compound 6 was unchanged after heating it with dilute 
sulfuric acid in a sealed tube at 135" for 8 hr. 

Reduction of either 5 or 6 gave 3-phenyl-] ,2-piopane- 
diol. None of the compounds actually found in this 
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series of reactions has physical propcrties corresponding 
to those described by Danilov,' and we are unable to 
explain why. 

1.  S. Danilov and E. Venus-Danilov, Brr. Deut. Chem. Ges. B 
63, 2765 (1930). 

THE MECHANISM OF THE UIELS-;-.ALDER 
REALTION. ATTEMPTS TO PREPARE 

UNUSUAL HYDROCARBONS 

Vernon F. Raaen Clair J. Collins 

The dienophile 1 was prepared from the adduct' of 
anthracene and acetylene-dicarboxylic ester. Compound 
1 was then subjected to Diels-Alder reaction condi- 
tions' with the unsaturated cyclic hydrocarbons 2--6.2 
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0 

ment -- other than anthracene - forined on decomposi- 
tion of adduct 1 + 6 .  

__I ____ __ 

1. 0 Diels and K. Aldex, .Justus Liebigs Ann. Chetn 486, 199 
(1931); ibid., 513, 150 (19343. 

2. We are indebted to rh. BPmdt Zeeh and Badisrlic, 
hnilin-und Soda-Fabrik for a generous gift of lO0g of 
cyclooc tatetraene. 

3. L. Watts, 3 .  D. Fitzpatrick, and R. Pettit, J. Rmer. Chem. 
SOC. 87,3253 (1965). 

1 
Y HEATS OF FORMATION 

OF 3-ARYL-2,3-DTMETHYL-2-BUTYL CATIONS 
IN SUPER ACIDS' 

Vernon F. Raaen Claii J. Collins 

O R h l  -DWG 71-5407 
In 1969, Olah and co-workers2 studied the niiir 

spectra, in S02-SbF5 solutions at -7Y", of a series of 
compounds of general structure 1 (where X = -H, 

5 c2 CH3, -OCH3, arid CF, ; Y = Cl). From these spectra 

0 0 0 
a - 3 

,-2 
2 
I 
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The adducts were prepared by prolonged heating (two 
to five weeks) of 1 wth two or three equivalents of 
2 6 in refluxing toluene. Thus the temperature was 
maintained at about 110". Solid, ctystalliiie, high- 
melting adducts were obtained fiom 2, 3, and 6 .  
Compounds 4 and 5 afforded dark-bi own amorphous 
solids ltat were too unstable to peiinit further purifica- 
tion. The adducts of 1 with 3 and 6 on heating dt 235 
to 240" underwent decomposition to yield, among 
other products, o-phthalic anhydride and aiithracerie. 

Our work in thiy field continues The adducts of 1 
with 3 and 6 would be expected to yield o-phthalic 
anhydride through normal reverse Diels-Alder reactions 
together with the production of ethylene (from the 
adduct ot 1 with 3), or  acetylene or cyclobutddiene3 
frvin the adduct 1 f 6. The adducts 1 + 2, 1 f 4, and 1 + 
5 apparently cannot undergo normal reverse Diels-Alder 
reaction to yield o-phthalic acid and anthracene plus 
unsaturated hydrocarbon without proceeding through 
&radical fragments It IS our purpose, therefore, m 
continuing this woik to deternune (a) whether reverse 
Dieh-Alder react ions are possible with these adducts, 
(b)  if the adduct of 1 + 6 can be Induced to add another 
mole of 1, which could conceivably decompose to yield 
bis-l,4dicyclohexadiene, and (c)  the hydrocarbon frdg- 

X 

CH,-C ---c-cH, 
1 1  

C H 3  CH, 

1 
N 

it was concluded that when X = H the cation formed 
WdS ;I phenoiiiuin ion, when X =CH3 two cations weie 
produced, namely, the phenonium ion and the classical 
ion in nearly equal proportions. All other reactants led 
to classical tertlary cations. We doubted3 the conclu- 
sions of Olah and co-workers' and undertook a study' 
of the heats of formation of the appropriate cations 
frotn 1 (X = H, Y = OH; X = CH,, Y = OH, and X = 
OCI13, Y = OH), wluch should allow us to distinguish 
classical from nonclassical (bridged) ions The three car- 
binols were prepared by known methods,4y5 and the 
heats of formation of the correspoading cations are 
currently being studied. The calorimeter employed has 
been described by Arnett and co-workeis.6 
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1. The work is being carried out jointly with Dr. John W. 
Larszn of the Chemistry- Department, University of Tennessee, 
Knoxville. 

2. G. A. Olah, M. B.  Comisarow, and C. J. Kim, J. Amer. 
Cheri.2. SOC. 91, 1458 (1969). 

3. Seep.  1467, footnote 29, of r e f  2. 
4. E. V. Heynengen, J. Ainer. Chem. SOC. 74,486 (1952). 
5 .  11. C. Brown and C. J. Kim, ibid., 90, 2082 (1968). 
6. E. M.  Amett, W. G .  Bentrude, J. J. Burke, and P. McC. 

Duggleby, J. Amer. Chem. SOC. 87, 1541 (1965); E. M. Amett, 
R. P. Quirk, and J .  J. Burke, ibid., 92, 1260 (1970). 

THE MECHANISM OF 
IN NORBORNYI, CATIONS 

Vernon F. Kaaen Clair J. Collins 
Ben M. Benjamin David Hotuser' 

1 -Methyl-7.2-norbornanecarbolactone (1) in the pres- 
ence of concentrated sulfuiic acid undergoes a compli- 
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cated series of rearrangements to  yield 3-exomethyl- 
2,G-norbornanecarbolactone (2) and l-niethyl-2,6- 
norbornanecarbolactone (3).' By synthesis of com- 
pound Id, labeled as shown with d e ~ t e r i u m , ~  followed 
by treatment with cold concentrated sulfuric acid and 
subsequent isolation of 2d and 3d, we were able to 
show with nmr spectroscopy that the deuterium atoms 
in 2d and 3d were predominaiitly in the 3-endo- and 
5-exo-positions, respectively, as designated in the struc- 
tures. There was no evidence for the presence of 
deuterium in any of the other positions of the two 
compounds. These results allow us to draw the follow- 
ing important conclusions: 

1. The lactone 2d has been formed predominantly by 
the sequence : 6J-hydride shift; Wagner-Meerwein rear- 
rangement; 6,2-deuteride shift; 3 2-hydride shift. 

2. The lactone 3d has been formed predominantly by 
the sequence: 3,2-hydride shift; Wagner-Meerwein rear- 
rangement; 6,2-hydride shift; Wagner-Meerwein rear- 
rangement; 3,2deuteride shift. 

3. In the formation of 2d the 6,2-deuteride shift is 
endo-endo, whereas in the formation of 3d both the 
3,2-hydride and -deuteride shifts are exo-em. 

The foregoing conclusions offer strong support for 
our previous formulations of 6,2-hydride4 and 3,2- 
hydride' migration in substituted norbornyl cations. 

1 .  Student participant in the Great Lakes Colleges Associa- 
tion Science Semester, Sept. 10-Dec. 18, 1970, from De Pauw 
University, Greencastle, Ind. 

2. H. Geiger and S. Beckmann, Justus Lieb iy  Ann. Chem. 
722, 219 (1969). 

3. J. A. Berson and P. W. Grubb, J. Amer. Chein. Soc. 87, 
4016 (1965). 

4. C. J. Collins and R .  M.  Benjamin, J. Amer. Chem. SOC. 89, 
1652 (1347); ibid., 88, 1558 (1366); Tetrnhedron Lett. 5477 
(1966). 

5. C. J. Collins and C. E. Harding, X Amer. Chem. SOC. 91, 
7194 (1969);Jusfus Liebigs Ann. Chem., in press (1971). 

A DEUTERIUM TRACER STUDY OF 6,1,24IYDRlDE 
SHIF'T IN SUBSTITUTED NORRO 

Vernon F. Raaen Ben M. Benjamin Clair J. Collins 

One of the important but unanswered questions 
concerning the reaction of nitrous acid with primary 
aliphatic amines ,* has been3 whether the classical ions 
originally formed on loss of nitrogen can survive several 
Wagner-Meerwein rearrangements or hydride shifts. We 
now have evidence that they can. We previously 
reported" that a classical secondary norbornyl cation 
survives a Wagner-Meerwein rearrangement, since the 
rearranged cation was attacked from the endo direction 
to  produce 1.8% of endo product. Huckel and Kern' 
have demonstrated that both exo- and endo-fenchyl- 
amines produce exo and endo isomers of a-fenchene 
hydrate, thus showing that a tertiirry classical cation can 
survive Wagner-Meerwein rearrangement to yield endo 
products. 

In the deaminations (in acetic acid-sodium acetate) 
of l6  and 2' (Chart I )  the yields of 3 and 4 (as the 
monoacetates)8 are in the same ratio (1.6-~-1.7) from 
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Chart I 

both reactants, and this ratio is roughly the same as the 
ratio of 3:4 (1.4) observed upon the hydrolyses' of the 
secondary tosylates of 3 and of 4. Thus B and C might 
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niistakenly be interpreted as a nonclassical ion, particu- 
larly since the two exxo-amines corresponding to the two 
ions B and C yield the acetates of 3 and 4, on 
deamination, in the ratios uf 2 2 : l  and I :  1.7 respec- 
tively.” 

If both 1 arid 2 ,  however, should prefer the same 
clockwise pathway and approach B * C from the “B 
side,” then deaminations both of 1 arid 2 should result 
in 3:4 > 1 ,  ever1 if B and C are classical. That both 
reactants approach the equilibrium B + C through 
clockwise pathways (as the intermediates are oriented 
in the chart) was demonstrated by means of deuterium 
labeling. The positions in 3 and 4 designated “E)” 

denote where the deuterium goes via the clockwise 
pathways, whereas “D’” denotes the fate of deuterium 
when 3 and 4 result from counterclockwise pathways. 
The results, given in Table 5.1, show that both reactants 
yield 3 and 4 by predominant ( 7 7 4 9 % )  clockwise 
routes. The yields of 3 and 4 as determined by the 
isotope dilution method’ are also given in the table. 
These data thus show t.hat a comparison of the product 
ratios 3:4 from the two reactants I and 2 is not of itself 
a sufficient criterion for nonclassical character of the 
ions B + C. 

Another important conclusion can be drawn from 
Chart I and Table 5.1 : If B * C were in fact a single 
nonclassical ion, then 3 and 4 from a given single 
reactant stiould exhibit identical deuterium dist ribu- 
tions in D and D‘. That these distributions are signifi- 
cantly different means that even after two Wagner- 
Meerwein rearrangements and ;I hydride shift, ions I3 
and C are best formulated as unbridged, 
which have not ye t  reuched their iquilibrizim cunc‘entra- 
tiuiis. 

In 4 containing no D, the signals for 2M at C3 ace 
centered at 6 = 2.07 ppm (pyridine) and overlap the 
multiplet for the urzti-C,II (intensity 3.00 -1- 0.02). In 4 
from either 1 or 2 the intensity is 2.00 1 0.03. There 
\vas no loss of deuterium in the other products7>s o f  

deamination of 1 and 2 .  Conveisioti of 4 tu the 
2+xn-5-endo-diol7 allowed isolation of the sigrial (6 = 
3.25 pprn) for endo-H at C3 Diol 3 (no D) exhibits a 
quartet (6 = 2.4 ppm, pyridine) for exxu-€1 at C3 and is 
overlapped by 13 at C4 (intensity, 2.00 i 0.03). 
Integration of this signal for 3 (with D) gave the 
fraction of exo-H at C 3 .  On oxidation of  3 to  the 
ketone? the signal for em-H at C 3  is at 8 = 2.6 pprn 
(pyridine) arid is also overlapped by H ai  C 4 .  

1. H. Soll, pp. 133-81 in Houben W d  Methoden der 
organischew Chernie, E. Muller, ed., tieorg Thierrie Verlag, 
Stuttgart X / 2 ,  1958. 

2. J. H. Ridd, Quart Rev., Chhem. Soc. 15,418 (1961)~ 
3. P. D. Bartlett, Nonclassical Ions, p. 65, W. A. Benjamin, 

New York, 1965. 
4. B. M. Benjamin and C. J .  Collins, J. Amer. Chem. SOC. 92, 

3183 (1970). 
5. W. Huikel and H.-J. Kern, Justus Liebigs A m .  Chem. 728, 

49 (1  969). 
6 .  C .  J. Collins et  al., Justiis Liebigs Ann. Chem. 739, I 

(1970). 
7. C. J .  Collins, V. F. Raaen, and M. D. Eckart, J. Amer. 

Chern. SOC. 92, 1787 (1.970). 
8. The products of the deaminations of 1 and 2 have all been 

described before [see ref. 7, and C .  J. Collins and B. M. 
Benjamin, ibid., 89,  1652 (1967)l. 

9. €3. M. Benjamin, B. S. Benjaminov, and V. F. Raaen, 
unpublished work. 

10. C. J. Collins and R. M. Benjamin, J. Amer. C’hhemz. SOC. 
92, 3182 (1970j. 

11. V. F. Radzn, G.  A. Ropp, and €1. P. Raaen, chap. 2 in 
Carbon-14, McGrawHill, New York, 1968. 

PREPARATION ANI) PURIFICATION 
OF pSEXIPHENYL 

W. H. Baldwin P. T. Perdue’ 

During the study of organic crystal scintillators by 
Perdue and Brown,’ it was noted in agreement with 
others3- that p-sexiphenyl (Ps) would be an inlerest- 

’Table 5.1. Yields and deuterium distributions in 3 and 4 
kcim deaminations of 1 and 2 

Reactant Product 3 Product 4 

Yield‘ (5%) Yield‘ (76) D’h 
-~ 

1 4.25 2 0 . 0 1  0.11 k 0.025 2.7 -t 0.01 0.175 .! 0.016 
2 6.3 ?; 0 02 0.145 L0.025 3.7 t 0.02 0.23 L 0.016 

‘The ?values are the rzproducibilitiey of the I4C assays 

’~tandard error. 
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ing scintillating compound. It is expected to function as 
a wave shifter, to have a fast pulse decay, high light 
output, and excellent vacuum characteristics. Investiga- 
tion of p-sexiphenyl in the past has suffered from 
difficulties in preparation and purification on the 
centigram scale; the compound is so insoluble that 
recrystallization is impractical ~ and the high melting 
point, above 450°C, indicates the refractory nature of 
the compound. However, iil our purification scheme we 
take advantage of these properties; for example, con- 
tinuous extraction with chloroform or dimethylform- 
amide removes soluble impurities. The stability of the 
compound at high temperatures permits: (1) sublima- 
tion at 400-500°C under reduced pressure and 
(2) zonemelting refining. 

Kovacic and Lange6 have outlined a method for 
p-scxiphenyl production in which diphenyl or p -  
terphenyl is reacted with aluminum chloride and cupric 
chloride. The reaction of terphenyl has proven more 
satisfactory for us since the product, Ps, can be purified 
more easily. In general, the product from the reaction is 

treated with aqueous hydrochloric acid to remove 
metals, with water to remove acid, with ethyl alcohol to 
remove water, and then with chloroform and finally 
dimethylformamide. A preliminary sublimation re- 
moves low-molecular-a?lei~ht compounds, the Ps being 
collected at about 500°C at I torr. Single crystals, 1 crn 
square by 8 p thick, were grown in a special teimpera- 
ture gradient furnace (465-470°C) in a helium atmos- 
phere. The completely transparent crystals have an 
index of refraction above 1.64, density of 1.26 g/cc, 
and maximum fluorescence near 450 nm. The principal 
inass (by mass spectrometry) is 458.6 amu (calculated 
for C 3 6 H I 6 ,  458.6 amu) with traces of rile 534 
(heptaphenyl) and 61 0 (octaphenyl). The infrared 
spectrum agrees with that reported by Cade and 
Pilbearn7 for Ps. Further improvement in purity results 
from zone-melt refining of the sublimed material. 

We are currently preparing larger quantities of this 
high-purity scintillator and collecting optical, physical, 
and chemical data on the pure product. 

1. Health Physics Division. 
2. P. T. Perdue and M. D. Brown, Nucl. Instrum Methods 71, 

3 .  T.  Nozaki et al., Bull. Cherrr SOC. ,lap. 33, 1329 (1960). 
4. I .  B. Berlman,Mol. C v s t .  4, 157 (1968). 
5 .  H. 0. Wiith et al., Mol. Cryst. 4, 321 (1968). 
6 .  P. Kovacic and R. M. Lanse, J. Org. Chern. 29, 2416 

(1964). 
7. J. A. Cade ,md A.  Pilbeam, J. Chern. Soc. Londorz 1964, 

114. 

113 (1969). 
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FREE ENERGIES OF ELECTROLYTE MIXTURES 

K. M. Rush J. S .  Johnson, J r .  G. Scatchard' 

Osmotic Coefficients of Mixed Perchlorate Solutions 

L - . L  L.. ...-. L J  

Our studies of solutions of common inorganic elec- 
trolytes have continued to concentrate on the per- 
chlorates, which are widely used in studies of com- 
plexing and reaction kinetics. A report of our work on 
mixtures involving UOz(C104)z discussed in a previous 
annual report2 has been submitted for publication. 
Experimental work on mixtures of Ba(C104j2 with 
E1C104 and NaCIO, has been cornpleted, and analysis of 
the data i s  in progress. 

Osmotic coefficients for the system 1-Iclo4- 
Ba(C104)2-IIz0 are shown in Fig. 6.1 and for the 
system NaC104-Ba(C104)z-ti,0 in Figs. 6.2 and 6.3. 
The system HC10,-Ra(C104)z -HZ 0 illustrates the situ- 
ation where the osmotic coefficients of the limiting 
two-component systems show a wide divergence with 
increasing concentration. The mixtures show a behavior 
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Pig. 6.1. Osmotic coefficients for the system HCIO4 (A)- 
~ a ( c 1 0 ~ ) ~  (B)-H~o.  

intermediate between the limiting systetns, as would he 
expected. The system NaC104 -Ba(C104)2 -H2 0 repre- 
sents a somewhat different behavior. The osmotic 
coefficients for the lirnititig two-component systems are 
relatively close together and, in fact, have a crossover 
point at an ionic strength of about 2. For this reason, 
the osmotic coefficienls at low concentrations are 
shown in more detail in Fig. 6.3. The mixtures show a 
behavior intermediate between the limiting systems 
with an inversion of  the order on either side of the 
crossover point. 

Our results for pure Ra(ClO4)z solutions are in poor 
agreement with literature Our values for Q are 
corisistently lower than the literature values; the dif- 
ference varies from 0.10 at I =  17 to 0.02 at I =  1.5. At 
high Ba(C104)2 concentrations, the water fraction, 
obtained by difference, is low and is therefore quite 
sensitive to uncertainties in the solute concentration. A 
change of 1% in the solute concentration of the stock 
qolution is required to bring the results into agreement. 

Fig. 6.2. Osmotic coefficients for the system NaC104 (A)- 
B ~ I ( C ~ O ~ ) ~  (B)-H20. 
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Fig. 6.3. Osmotic coefficients fox the system NaC104 (A)- 
Ba(ClO4)2 (8) - -N20.  Values for yB: e, 1.0; A, 0.75; *, 0.5; V, 

0.25; D, 0.0. 

This i s  greater than the uncertainty in the analysis of 
the stock solution, and the disagreement is, at present, 
unexplained. 

Limiting Behavior of Osmotic Coefficients 
at Low Concentrations 

'I'he limiting behavior of free energies in dilute 
solutions of mixed electrolytes is specified differently 
in equations developed by Scatchard4 and in the theory 
developed by Friedman.' The disagreement is of 
theoretical interest and has been discussed by both 
Scatchard4 and Friedman.' It also, however, has a 
practical aspect of particular importance to us in that 
the calculation of activity coefficients of solutes from 
osmotic coefficients of mixed electrolyte solutions will 
be affected. 

The freezing point depression nieasurenierits of 
Scatchard and Prcntiss' are, to our kriowledge, the 
most accurate measurements of osmotic coefficients of 
niixed electrolyte solutions at low concentrations. 
Kevised values of the osmotic coefficients have been 
calculated froni the original data using a more recent 

value for the freezing point  ons st ant.^ The results are 
presented in Figs. 6.4 -6.7 as plots of A/yAysm v s 6 ,  
where, for a mixture of two 1 - 1  type electrolytes, 

m is the molality, y ,  and y B  are the molality fractions 
of components A and B, respectively, Q i s  the osmotic 
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Pig. 6.5. Freezing point depression data of Scatchard and 
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Fig. 6.6. Freezing point depression data of Scatchard and 
Prentiss for equimolar mixtures of LiCl and LiN03; behavior at 
low concentrations. Dashed line represents 5 X lw4 deg. 
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Fig, 6.7. Freezing point depression data of Scatchard and 
Prentiss for equinlolar mixtures of KCI and KNO3; behavior at 
low concentrations. Dashed line represents 5 X deg. 

coefficient of the mixed solution containing A and R, 
and $' is the osmotic coefficient of the pure com- 
ponent at the same total molality as the mixture. 

For the Scatchard treatment of equimolar mixtures of 
two 1-1 type electrolytes 

where the b,  u's are parameters characteristic of the 
particular mixture. A plot of this function vs fi 
should approach a finite intercept with a zero slope. 
Altbough at low concentrations, AfyAyurn is very 
sensitive to experimental error, the results in Figs. 
6.4- 6.7 indicate that the values are small and appear to 
approach &= 0 with zero slope. It appears, therefole, 
that the Scatchard equations describe the low-coriceri- 
fration behavior of these niixtures within the accuracy 
of the best availdble data. 
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A SLMPLE EQUATION FOR THE PREDICTION 
OF THE ACTIVITY COEFFICEENT VALUE 

OF EACH COMPONENT IN AQUEOUS 
ELECTROLYTE MIXTURES 

M .  H. Lietzke R. W. Stoughton 

In recent years there has been an upsurge of interest 
in the thermodynamic properties of aqueous electrolyte 
mixtures. Much of this interest is of 3 very practical 
nature, for example, in the fields of desalination, 
oceanography, and geochemistry. One of the problems 
in this area that has received considerable attention is 
the prediction of the activiiy coefficients of each 
coniponent (electrolyte) in an aqueous solution con- 
taining several electrolytes. Some of tile approaches 
used, for example, the iora-component treatment of 
Scatchard, Rush, atid Johnson,' involve many param- 
eters which must be estimated by least squares on a 
high-speed computer. The purpose of this report is to 
present a very simple equation which makes it possible 
to predict the activity coefficient of each component in 
a solution containing several electrolytes, i n  fact even in 
mixtures containing electrolytes of different valence 
types. In most cases activity coefficient values calcu- 
lated with this equation are about the sanie'as values 
predicted using the more elabora te ion-componen t 
treatment. 

Any current rnelliod of predicting tlie activity coeffi- 
cient of one component in an aqueous electrolyte 
rnixfure depends upon ;I knowledge o f  the activity 
coefficient of each component in solution in the pure 
state, that is, in a solutnon containing only one 
electrolyte. 117 the ion-component treatment the 
method of least squares is used to deiermine coeffi- 
cients that may be used to express the concentration 
dependence of the logariftim of the activity coefficient 
of each electrolyte in the piire state. These coefficients 
are then combined in the ion-component model and 
used to predict the act-ivily coefficient of any one 
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component in a mixture of these electrolytes. In our 
treatment we use directly the activity coefficient values 
of each electrolyte in the pure state at the total ionic 
strength of the nlixture. The equation that we propose 
for combining these values to predict the activity 
coefficient of one component in a mixture is 

]ti 

In this equation y j  is the activity coefficient of the ith 
component in a mixture containing n electrolytes, the 
hi are the ionic strength fractions of each of the other 
electrolytes, the superscript 0 indicates activity coeffi- 
cient values in the pure state at the total ionic strength 
of the mixture, and Z' and 2- represent the charges on 
the cation and anion respectively. The charges have 
been included so that the logarithms of all the activity 
coefficients approach the same limiting slope at low 
concentrations. 

For an aqueous mixture of two electrolytes, Eq. (1) 
becomes 

If the charges are omitted from Eq. (2) an expression is 
obtained which holds only for binary mixtures of 
electrolytes of the same valence type and which i s  
similar to an equation given by Harned and Owen.' 
Such an equation follows from Guggenheim's treatment 
of the theory of specific ion inteiaction.* 

One of the difficulties in discussing activity coeffi- 
cients in mixtures is that the values obtained for each 
componcnt are sensitive to the method of calculation. 
For example, values of the activity coefficient of NaCl 
in HCI-NaCI mixtures may differ by as much as 1 .O% or 
more, depending upon whether they were obtained by 
cross-differentiation3 or by application of the neutral- 
electrolyte treatment4 to HCl-NaCI mixture data.5 This 
makes it impossible to state, for example, whether the 
activity coefficient of NaCl at 10°C in a 50-50 mixture 
at I := 1.0 i s  0.700 or 0.709.5 As will be shown later, 
similar results are obtained when the neutralelectrolyte 

treatment and the ion-component treatment are applied 
to the same set of mixture data by the method of least 
squares. The differences probably result from a dif- 
ference in weighting when attention is focused on the 
ions as components or on the electrolytes themselves. 
Also, the degree of statistical correlation between the 
pararnetcrs in the two treatments may be different. 

A comparison will now be made between activity 
coefficient values computed using Eq. (1) and values 
computed in three other ways: (1) values computed 
from parameters obtained by fitting the ion-component 
model' to mixture data by least squares; this will be 
referred to as the IC(I1) treatment, and these values are 
plotted and joined by the solid lines in Figs. 6.8 and 
6.9; (2) values predicted by the ion-component treat- 
ment (ignoring any interaction terms); this will be 
referred to as the IC(I) treatment; and ( 3 )  values 
computed from parameters obtained by fitting the 
neutral-electrolyte model4 to mixture data by least 
squares; this will be referred to as the NE treatment. 
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Fige 6.8. Activity coefficient behavior in binmy mixtures 
containing LEI, NaCI, KCI, or RbCl with CsCl at f = 1.0 and 3.0 
with Xcsc, = 0.5. Low-r points a t  each ionic stiength refer to 
CSCI. 
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Fig. 5.9. Activity coefficient behavior in NaCt-MgC12, KCI- 
CaC12, RbCI-SrCIz, and CsC1-SaCI, mixtures at 1 = 1.0 atid 3.0 
with the ionic strength fraction of each salt 0.5. 

Results of the Calculations 

First we consider nzixtures containing CsCl and each 
of the other alkali metal chlorides as shown in Fig. 6.8. 
In each case each component has an iotiic strength 
fraction X = 0.5. The data points have significance at 
the discrete systems shown along the abscissa; 
smocithed curves have been drawn through the IC(11) 
data poinls to suggest activity coefficient trends from 
one system tu tlie next. The first three mixtures starting 
at the left have been studied iqopiestically, while to our 
kiioavledge the RbCI-CsCI niixmre has not been studied 
experimentdly. Note that at both I = 1 .O and I = 3.0, 
log ycscI is nearly constant, while that of tlie otlier salt 
decreases in going from LiC1-CsCI to Rl,CI-CsCI. The 
lower points at each ionic strength refei to the CsCl, 
wliile the upper points refer to  the other salt in the 
nuxture. At 1 = 1.0 both Eq. (1) aiid the IC(1) 
treatment give predictions that are comparable and that 

agree very well with values calculated from parameters 
obtained by fitting osmotic coefficient data on the 
mxtures by least squares using the IC(] [) model. At I = 
3.0, however, both methods IC(1) and Eq. (1) give 
relatively poor results for LiC1-CsCI mixtures, somewhat 
better results for NaCI-CsCl, arid excellent results for 
KCL-CsCI mixtures as compared with the values ob- 
tamed by fitting the data using the Q I [ )  treatment. At 
both total ionic sirengthq the predictions on RbCI-CsCi 
mixtures tising either Eq. (I) or the lC(I) treatment are 
consistent wiih the measured values on the other 
systems. 

All of the systems depicted m Fig.  6.9 except 
RbCI-SrC12 have been studied experimentally. Observe 
thi t  there is very little difference in the values predicted 
by by. ( 1 )  and lC(1) at I = 1 .O. it is interesting lo note 
that Eq. ( 1 )  seems to predict a more consistent value of 
log ysrCl2 at I =  3.0 than does the K(I) treatment. 

Next we turn our attenlion to xtivity coefficicnt 
values of I-IC1 and of a series of alkali metal and 
alkaline-earth metal chlorides in HCl -metal chlondc 
solutions a1 I = 1.0 with the ionic strength fraction of 
each component equal to 0.5 These values are shown in 
Table 6.1. In columns 2 and 4 ale values of log yHcI 
computed from coeffiaents obtained by fitting activity 
coefficient datii on these systems using either the IC(11) 
or the neutral-electrolyie treatments. In column 3 are 
values predicted using the K(1) treatment, while 111 

columnti 5 are predictions made using Eq. (1). The 
greatest difference between values obtained by fitting 
mixture data arid using Eq. ( 1 )  is in the case of tlie 
HCI-LiCI mxture,  where the difference amounts to 4% 
in the activity coefficient of the HCI. The corre- 
sponding log values are shown in the last three 
CO~UmnS of Table 6. I .  l k i e  the gteatest difference 
between a fittcd value and a value predicted by Eq. ( I )  
m o u n t s  to 4% in the actrvlty coefficient of the SrC1, 
in the €ICI-SrCl, mixture. 

In Table 6.2 arc shown value3 of log 'yHcI and log 
TNdCl in HC1-NaCl mixtures as a function of the ionic 
stieagth fraction of the othel cornporierit at :i total 
ionic strength of unity. Note that there is essentially no 
hfference between log yHcI values predicted by the 
IC(1) treatment or by Eq. (1); as tlie fraLtion of NaCl I I I  

the mixlures increases, these predided values become 
increasingly too low as compared with thc fitted values 
[IC(fl)l .  'The same is true of the log yNacl values as the 
fiaction of HCl in the tiiixture increases 

In  Table 6.3 are shown values of log yNCl and log 
-yhlgCl2 in the HCl-MgC'12 mixtures as a fuiicllon of the 

ionic strength fraction of the other component at a 
total ioiuc strength of utiity. In this system, again in 
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Table 6.1. Activity coefficient values of HCI and metal chlorides in hICI---metal 

of each mniponent equal to O S  
chloride soltitions at I 1.0 with the ionic strength fraction 

..____ ___.__ ..... __ ..... ___.______ ......... ~ 

log YHCl log Tsalt System I______ ....... ______ ... ~ 

IC(I1) IC(1) NE Eq. (1) LC(1I) IC(]) Eq. (1) 
__.. .... ______ ........ ~ .... ___ 

I - 
HCI-LEI 1.886 - 1.886 
HCl-NaC1 1.897 1.886 1.893 

IICI-KbCI 1.875 1.875 
I1CICsCI 1.869 1.869 

- - 
HCLKC1 L.880 __ 1.878 

- - 
I -. - 

HCI-MgC12 1.891 1.884 1.887 - 
IIClCaC12 1.884 1.881 

1.879 
HCI-RaClZ 1.874 1.875 

- 

HCI-SrC12 - .- 

_.___ ......... ~ . -___. . .___-- -  

Table 6.2. Activity coefficients of HCI and NaCI in HCI-NaCI 
mixtures at I 1 .O 

log THCI _ _ _ ~  ___ 
W) Eq. (1) 

____ ____ 
lC(l1) XNaCl 

.... _.___ ......... 
.... - 
1.897 
1.885 0.50 

0.75 1.889 1.875 1.874 

- 1.897 
1.886 

0.25 - 1.904 - 

- - 1.891' - 

log TNaCl - - - -  _______~ ....... 
IC(I1) ICU) Eq. (1) XHCl 

.___.....__I__ .... ~ . . . _ _ _ _ . _ _  
- - - 

1.829 1.830 1.834 0.2s 
1.850 1.841 1.846 0.50 

0.75 1.868 1.852 1.85 1 

- - __ 
.- .... 

*NE value isi .893. 

- - - 
1.899 1.901 1.896 0.25 

050 1.891' 1.884 1.888 
0.75 1.876 1.812 1.882 

~ ._ - 
.- 

...... ___ ....._____ ...... __ - .___ ..... 

log YMgCI 2 .___. ...... ___ ..... ~ _ _ _ . _ _ _ . ~ . ~  

IC(I1) ICU) Eq. (1) 

.~ 1.676 - 

XNCI 

-- __....I____ ....... __ .... ~ - - - 
1.691 0.25 
1.711 0.50 

0.75 1.725 1.710 1.729 

=NE value is i.881. 

- 1.68 1 
1.696 - ..- 1.692 - 

.. ...____.___.___ - ___..__ 

- 
1.903 
1.885 
1.876 
1.872 
1.865 

1.888 
1.888 
1.886 
1.883 

- 
- 
- 
__ 
- 

- 

- 

- 
1.888 
1.850 
1.816 
1.798 
1.785 

1.692 
1.682 
1.668 
1.653 

- 

- 
.... 

- 
- 
.... 
- 

- 

- 
1.888 
1.841 
1.816 
1.806 
1.783 

1.696 
1.680 
1.671 

__ 
- 
__ 
- 
- 
- 
- 

_____ 

- 
1.894 
1.846 
1.813 
1.801 
1.779 

1.711 
1.693 
1.687 
1.668 

.- 

- 
- 
- 

.... 
- 
.- 

~. 

comparison with the fitted values [IC(lI)], Eq. ( 1 )  
predicts log yHCl better than IC(1) at ionic strength 
fractions of Mg6'1, equal to 0.25 and 0.5. At X M g C l 2  
equal to 0.75 the values predicted by the two methods 
fall on opposite sides of the fitted value. In the case of 
the log yMscl, values the IC@) predictions axe better at 

the lower two fractions of acid, while the value 
predicted by Eq. (1) is better at the highest fraction of 
acid. 

The use of Eq. (1) is not restricted to  solutions 
containing only two electrolytes. In Fig. 6.10 are shown 
the results obtained in a series of mixtures, each 
containing HCI, an alkali metal chloride, and an 
alkaline-earth metal chloride, In all cases the ionic 
strength fraction of the HCl is 0.5, while the ionic 
strength fraction of each salt is 0.25. Only the HCl- 
NaC1-MgCl2 and the IICICsC1-UaC12 systems have 
been studied experimentally. Hence log y values for 
each component in these two systems calculated from 
parameters obtained by fitting the experimental data by 
least squares using both the neutralelectrolyte and the 
ion-component models are shown. Note that the values 
predicted by Eq. (1) are very close to the measured 
values in each case and about the same as the IC(1) 
predictions. 

In the HCl-KCl-CaCl2 system all three two-electrolyte 
systems have been studied,' and the sqiiares [IC(II)] 
show log y values predicted using these data and data- 
on the pure components. Note that the values calcu- 
lated using Eq. (1) are again very close to the fitted 
values [IC(lI)] and to the IC(1) predictions. 

In the HCl-RbCI-SrCl, system both log y values 
shown for each component are predicted from pure 
component data only. Both methods of prediction, 
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IC(1) and Eq. ( I ) ,  give about the same log y values for 
each cornponent, and these values are consistent with 
thc values in the adjacent systems. 

Finally we consider the achvity coefficients of HC1, 
NaCI, and MgC12 in HCI-N;iCl-MgC12 niixtures at I =  1.0 
as a function of total salt fraction iu the mixtures. 
T h e  results are shown in ‘Table 6.4. Here we have a 
direct comparison of log 7 values for each component 
calculated from parameters obtained by fitting the 
experimental data by least squares using both the 
neul ral-electrolyte and the ion-component modcls. Jn 
most cases the neutral-electrolyte values are a little 
higher than the ion-component values. Both rriefhods of 
prediction, Eq. (1 )  and IC(I), give comparable values foi 
log yNaC1 in the mixtures. However, in the Case of both 
the FlCl and the MgClz the activity coefficient values 
predicted by Ey. (1) are closer to the fitted values 
[IC(II)l than are the IC([) predicted values. This IS 
especially striking in the case of the unsymmetrical 
electrolyte MgClz. 

Thc results of the calculaiioris show that, at least in 
the case of the inixtures investigated, the very simple 
Eq. (1) may be used to predict remarkably well the 
activity coefficient of each component. This is true 

Tabk 6.4. Activity coefficients of HCI, NaCI, and MgC12 
in HCI-NaCl-MgCl2 mixtures at I = 1.0 

- - 
1.898 1.903 0.25 
1.888 I .894 0.50 

0.75 1.892 1.884 1.873 1.878 

_. 1.897 
1.885 
.- - 1.910 

1.901 
- 

- -. I I 

__ - 
1 8 5 3  
1 8 4 3  

0.75 1.845 1.839 1 834 1 8 3 3  

- 0.25 1.876 - I 8 6 9  I 1.854 
0.50 11861 1 8 5 4  __ 1 844 - - 

log l M g C l 2  
___..___.__I 

;Y3 f x4 
( X 3  = X4) NE IC(I1) IC(1) Ey. (1) 

..... .... __ - .... - 
1.726 1.731 0.25 1.727 
I .706 1.708 1.704 0.50 

0.75 1.690 1.684 1.680 1.686 

- 1.710 
1.695 
I - 

- - - 

cven when the mixlures contain unsyrnmetrical elec- 
trolytes. In most cases the log y values predicted by Eq. 
( 1 )  are about as good as o r  better than values predicted 
using the inore elaborate ion-component model. 
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PARAMETERS FOR CALCULATING THE ACTIVITY 
COEFFICIENT OF EACH COMPONENT 1N HCI-RbCl, 

HCI-CSCI, HCI-SrC12, AND HCl-BacI, MIX’MJRES 
TO IONIC STRENGTH 3 

M.  I i .  Lietzke M. T. Unger’ h3. PI. Bariford 

Investigations of the activity coefficient behavior of  
both components in the aqueous systems FICI-KbC1,2 
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HC1-SrCl, ,2 HC1-CsCI: and MCI-BaCI, to total ionic 
strength unity ( I  = 1 )  have been previously reported. In 
these studies emf measurements of cells such as 

Table 6.5. Values of a, b, and c for Eqs. (I)  and (2) 

IlCI-RbCI, IICICSCI 1 2 3 

HCl-SrC12, HCl-BaC12 3 "3 2 

were combincd with literature data 011 the pure salt 
solutions to compute the activity coefficient of both 
componcnts in the mixtures. Emf measurements have 
now been made in all of these systems at I = 3. These 
results have been combined with the previous data, and 
a set of parameters has been obtained describing in each 
case the activity coefficient behavior of both com- 
ponents in these mixtures to 1 - 3 as a function of 
temperature (from 25 to 7S°C), total ionic strength, 
and fraction of each component in the mixtures. As 
before, the neutral-electrolyte treatment' has been used 
in fitting the data. In this treatment the logarithm of 
the activity coefficient of the HC1 is given by 

while that of the salt i s  given by 

c 2 3 3  
+2----x,(1 - X z )  

a 

In these equations x 2  and x3 are the ionic strength 
fractions of the acid and salt respectively. The values of 
a, b, and c for the various systems are shown in Table 
6.5. The value of the limiting slope k T ,  which is 
temperature dependent, was computed as before.2 The 
temperature dependence of the BZi coefficients was 
expressed as 

System Q b C 

Taabb 6.6. Paonletem of We B and C axffidents ob Eqs.  ( I )  and (2) 
__ 

B ' 2 2  = 0.0835367 
B'z 3 = 0.572793 
C 2 2 2  = 0.0264948 
C 2 2 3  = -0.0839013 
e 2 3 3  = -0.0075937 

8 ' 2 2  = 0.0268850 
B'z 3 0.31 3654 
C ' 2 2 2  = -0.00285759 
C " 2 2 3  = -0.0193082 
C ' 2 3 3  = -0.0230773 

8 ' 2 2  = 0.0615335 
R'23 = 0.920589 

= --0.00405709 
C 2 2 3  = --0,0885162 
c 2 3 3  = -0.358096 

8 ' 2 2  = 0.0672304 
6 ' 2 3  = 0.163624 
C 2 2 2  = -0.00802180 
C 2 2 3  =0.00102184 
c 2 3 3  = -0.0886089 

______....__ 

IIICbRIM1 

B"22 = -10.9595 
E"23 = -150.032 
C ' 2 2 2  = -6.74428 
c ' 2 2 3  = 23.71 17 
C ' 2 3 3  = -0.0030340 

HCICsC8 

B " 2 2  = 8.33017 
5 " 2 3  = -71.7526 
C " 2 2 2  1.18733 
C " ' 2 2 3  = 4.00433 
C " 2 3 3  = 2.97280 

MCI"SZ(C1~ 

R"22 = -1.83625 
R " 2 3  = -253.727 
C ' 2 2 2  = 1.55710 
C ' 2 2 3  = 29.1768 
C ' 2 3 3  = 108.938 

R"22 = -4.30355 
B " 2 3  = -33.1578 
C ' 2 2 2  = 2.87953 
C'22 3 = -0.303276 
C ' z 3 3  = 41.2068 

At 25°C only 

H " 2 2  = 0.458531 
E"'23 2.44345 

B"'22 =0.131204 
B " ' 2 3  0.996197 

B ' ' ' 2 2  = 0.345937 
B"'2 3 = 1.55010 

B " ' 2 2  = 0.38324 
B " ' 2 3  = 0.574580 

8 3 3  C 3 3 3  

HCI-RbC1 -0.0253282 0.00607747 
HCICsC: -0.04 2869 3 0.0078171 1 

H C I S r C I 2  0.104545 0.0063543 18 
HCI-5aCi2 0.1707873 0.06586335 

..... _-...___ 

and that of the CZjk coefficients as 

CZik = c'2jk + c'2ik f T . (4) 

The rationale of the form of these terms has been 
discussed previously' and will not be repeated here. 
The B3 and C3 coefficients, which refer in each case 
to solutions containing only the salt in water, were 
determined at 25°C only. 
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Values of the paranieters for the B2i and C‘2zfk 
coefficients as determined by least squares are shown In 
Table 6.6. The parameters are valid in the temperature 
range 25 to 75°C to I = 3 .  

1 . Oak Ridge Associated Universities summer student trainee 

2. M .  H.  Lietzke and H. A. O’Brien, Jr., J. Phys. Chem. 72, 

3 .  M .  H. 1,ictzke and R. W. Stoughton, J. Phys. Chem. 70, 

from Huntington College, Huntington, Ind., Summer 1970. 

4408 (1968). 

756 (1966). 

OSMOTIC AND ACTIVITY COEFFICIENTS FOR 
MIXTURES OF CESIUM CHLORIDE AND BARIUM 

CHLORIDE IN WATER AT 25” 

S. Lindenbaum’ R. M. Rush 

The free energies in the system CsC1-BaC12 -H2 0 have 
been investigated by the isopiestic method. Activity 
coefficients were obtained by both the Scatchard 
treatment and the McKay-Perring treatment. “Triicc” 
activity coefficients (activity coefficient of one com- 
ponent in ;I piire solution of the other component) 
calculated by the two methods differ by as much as 
0.04 in log y (10% in 7) at high coocentxations (ionic 
strength ca. 3). This diffirence is greater than h i i t  

expected from Ihe experiniental error and cannot be 
readily explained. A report of these results has been 
submitted for publication.’ 

1 .  Director’s Division. 
2. Submitted to .I. Chem. 77zermxjyn. 

ESTIMATION OF SOLUTE ACTIVITY 
COEFFICIENTS IN DILUTE AQUEOUS MIXTURES 

AT 25”: COMPARiSONS WITH PREDICTIONS 
FROM THE GUGGENHEIM THEORY 

OF SOLUTIONS’ 

C. E. Boyd2 S. Lindenhaurn’ R. A.  Robirisorr3 

Mean molal solute activity coefficients, y+, in dilute 
aqueous electrolyte mixtures were predictei  with Gug- 
genheirn’b theory4 of solutions for the system NaBr- 
ZnBr2 4 1 2  0 The predicted y+ were :ompared with 
values clerived by applying the McKay-Perring equa- 
tion5 to experimentally rneasuied isopiestic concen- 
trations for the same ternary mixtures. The concen- 
tration dependence of yA for NaBr (R)  and ZnBr, ( C )  
in mixtures of constant total ionic concentration 

rn=mu+ ISm, 

is described quantitatively by the cquatioris. 

( 1 )  log YB = log YB(O) - ~B inc ‘  - PRrrzc2 

and 

(4 log yC = log - qmB - P c ~ r r z B z  

respectively. ‘The absolute values o f  aR and  CY^ increase 
strongly as m decreases (Fig. 6.1 1, in which m “ M B )  
and the quadratic interaction coeft‘lcients, OB = -0.20 
and Pc = -0.23, are independent of rrz arid surprisingly 
large. Agreement between the activity coefricients 
predicted by 

‘og Yf3 = 1% ?a(()) - Pc[(2 /3)  1% YB(O) 

4.5 

1.0 

0.5  

0.0 

- 0.5 

-1.c 

- f.5 

XNGENTRATION DEPENDENCE OF INTEHACTIOP 
COEFFICIENTS FOR CCINSTANT TOT4L 

IONIC CONCENTRATION 
( NaBr  + ZnRr2 t ii$) 

- ........- I__ 
0.05 s.10 0.1 5 0.20 

M B (  NaBr Molality) 

Fig. 6.11. Concentration dependence of Hamed interaction 
coefficients for ternary NaBr-ZnBr2-FI10 niixtures at 25” and 
constant total ionic concentration. 
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Table 6.7. Chnpaxisnn of predicted (6) and observed (MKP) 
solute activity coefficients for NaBr and ZnBr-2 present 

at trace concentrations in their aqueous mixtures at 25°C 

0.0543 0.0803 0.0856 -0.005 3 
0.0737 0.0889 0.0968 -0.0079 
0.1346 0.1068 0.1128 -0.0060 
0.1937 0.1176 0.1192 -0.0016 
0.3011 0.1305 0.1292 +0.0013 
0.4645 0.1410 0.1338 +0.0072 

0.025 3 0.1220 0.1343 --0.0123 
0.034 1 0.1364 0.1450 -0.0086 
0.0620 0.1681 0.1757 -0.0076 
0.0896 0.1892 0.1995 -0.0103 
0.1401 0.2159 0.2224 -0.0065 
0.2196 0.2430 0.2271 +0.0159 

..... ~ ....... ~ ..... .... _ _ _ -  

and 

log YC = log YC(o) - ( l  - F(-7)[(1/4) log Y C ( 0 )  

(2/3) log YB(0) ' log r"1 , (4b 

where Fc is tlie ionic strength fraction of electrolyte C 
(=ZnBr2) in the mixture of total ionic strength I, and 
those derived from experiment [Le.. Eqs. (1) and (2)] is 
better than 2% for I < 0.45 (cf. Table 6.7). The 
quantity yst in Eqs. (3) and (4) is defined by 

log ySf -. Zi2AZ' / 2 / (  1 3 1.51112) , (5) 

where zi is the charge on the ith ion and A = 0.5171 is 
the Debye-Huckel constant. 

in recent  year^.^-^ The results have Seen interpreted in 
terms of the effect the hydrocarbon chains have on the 
solvent. Just as pure hydrocarbons dissolved in water 
cause increased hydrogen bonding in the solvent, so do 
hydrocarbon chains attached to a central nitrogen 
promote increased strirciure in water as suggested by 
the therniodynamie properties of aqueous solutions of 
tetraalkylamrnonium salts.3 Large exothermic heats of 
dilution of these salts have been reported, and it has 
been suggested that these heats are a measure of the 
increase in structure or hydrogen bonding in the solvent 
on d i l u t i ~ n . ~ ? ~  I t  was the purpose of this study to 
determine whether a similar structure-making effect 
could be observed with a salt of an ion having 
hydrocarbon chains attached to a ncgatively charged 
atom. A good anionic analog of a tetraalkylammonium 
cation is not available in that no water-soluble nega- 
tively charged ion having hydrocarbon chains attached 
on four sides has been reported. Sodium salts of 
carboxylic acids were chosen for this study because 
they are water soluble and provide the means whereby 
the effect of the interaction of long hydrocarbon chains 
with solvent may be observed. A brief summary of 
some of these results was reported recently.6 

The values of the heat of dilution, @ L ,  determined in 
this study of aqueous solutions of sodium butyrate 
(C4), valerate (es), heptylate (C7), and pelargonate 
(C,) were combined with the osmotic and activity 
coefficient data of Smith and Robinson9 to calculate 
excess apparent molal thermodynamic functions ac- 
cording to the following equations:' 

L '  
p x  = Q 

1. Expanded abstract of paper accepted for publication in J. 

2. Director's Division. 
3. Visiting Professor of Chemistry, University of Florida, 

4. E. A.  Gu.Qenheim,Phil. Mag. 19,588 (1935). 
5. 13. A. C. McKay and J. K. Perring, ~ U J I S .  Furuduy SOC. 49, 

Phys. Cherrl. (1971). 

Gainesville. 

163 (1953). 

HEATS OF DILUTION OF AQUEOUS SOLUTIONS 
OF SODIUM SALTS OF CARBOXYLIC ACIDS' 

Siegfried Lindenbaum' 

Many studies of solution properties of tetraalkyl- 
ammonium salts in aqueous solution have been reported 

where Q, and y are the osmotic and activity coefficients, 
respectively, and SEX, H E X ,  and GEx are the excess 
apparent molal entropy, enthalpy, and free energy. 
These quantities are plotted as a function of concen- 
tration in Fig. 6.12. The values of @[, for sodium 
acetate (C,) were obtained from tlie compilation of 
Parker.' 

The excess entropy and enthalpy functions increase as 
the number of carbon atoms in the anion increases. At 
high concentrations for the longer chain carboxylates, 
TSEX and HEX level off, and for C9 there is even a 
maximum. It is believed for these longer-chain car- 
boxylates that aggregation or micelle formation is 
responsible for this leveling effect. The increase of 
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Pig. 6.1 2. Excess apparent molal thermodynamic functions 
for aqueous solutions of bodium salts of carboxyliL acids at 
25°C. C2, C4, C,, Cy,  and < I 9  represent ,odium acetate 
butyrate, valerate, hepty late, and pelargonate rcspectwely 

TSEX arid HEX with the number of caibon atoms on 
the carboxylate chain is similar to  the behavior found 
for the tetraalkylaminoni~m salts. In both cases, the 
larger the number of methylene groups introduced into 
the solvent, the larger the values of HEx and T S E x .  
This suggests that in both cases the hydrophobic alkyl 
chains cause increased solvent hydrogen bonding of the 
water molecules. 
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THERMODYNAMICS OF AQUEOUS SOLUTIONS 
OF TETRABUTYLAMMONIUM CARBOXYLATES. 

MODEL SYSTEMS FOR THE HYDROPROBJC 
INTERACTION 1N PROTEINS' 

Siegfried Lindenb;iuin' 

Studies of thermodynamic and other properties of 
aqucous solutions of tetraalkylarnrnoniuin  salt.^^-^ and 
salts of carboxylic a c ~ d s ~ - ~  have suggested that these 
electrolytes, possessung hydrophoblc timetres in their 
si ructure. cause increased hydrogen boridin'g of the 
solvent. This apparent increased solvent structure III 

aqueous solutions has been most pronounced for 
solutions of salts whch also form crystalline clathrate 
hydrates. 'Te tca- i~-~uty l~~mn~oniurn  fluoride, for ex- 
runple, forms a claihrate hydrate with composition 
Bu4 NF-32.8H,0 . 'o  Thermodynamic studies of 
aqueous solutions of Ru4NF5 >' have strongly sup- 
ported the suggestion6 that tetrabutylarnnic,iiiunl ions 
increase hydrogen bonding in the solvent Furthei 
evidence that this interpretation is correct comes froin 
recent x-ray scatteruiig measurements on aqueous solu- 
tions of Bu,NF.'' The iadial distribution function 
determined in this study was accurately fitted by a 
model 111 which it was assumed that thc fluoride 1011 was 
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indistinguishable from an oxygen atom. The fluoride 
ion apparently does not interfere, or interferes only 
minimally, in the formation of the hydrogen-bonded 
water cage around the hydrophobic tetrabutyl- 
ammonium ion. The larger halide ions interfere in this 
hydrophobic structure formation to an increasing ex- 
tent.' This structure formation, as measured by 
apparent molal heat content: is greatest for tetrabutyl- 
ammonium fluoride and diminishes as the size of the 
halide ion increases and becomes less compatible with 
the water structure. 

The purpose of this study was to  determine how the 
hydrophobic nature of tetraalkylarnmoniutn ions would 
manifest itself in the thermodynamic properties of 
aqueous solutions if the negatively charged counterioli 
also possessed hydrophobic properties. 

Exothermic heats of dilution increasing with hydro- 
carbon chain length' ,9 were measured for sodium salts 
of carhnxylic acids. Straight-chain carboxylate ions are 
also apparently effective in increasing the hydrogen 
bonding of water. It was therefore of great interest to 
determine the effect on aqueous solvent thermo- 
dynamic properties of solutions of te traalkylammonium 
carboxylates, salts in w11ic11 both cationic and anionic 
moieties have hydrophobic water-slructiire-enhancing 
properties. Some of these salts, for example, tetra-n- 
butylammonium butyrate and tetra-n-butylammonium 
valerate, also form crystalline clathrate hydrates,' 
suggesting that in aqueous solution these salts will also 
inoease the hydrogen bonding of the solvent. Since 
both the cation and anion contribute to the hydro- 
phobic solvent hydrogen bonding or "hydration of thc 
second kind,"" it might be spcculated that the heats 
of dilution of these solutions would be more negative 
than those of tetrahutylammonium fluoride. 

However, it has also been suggested that a special 
"water-structure-enforced ion pairing"' occurs when 
both cation and anion are large and hydrophobic. If this 
interaction persisted in dilute solutions of these salts, 
the net interaction with the solvent would be di- 
minished, and the enthalpy of dilution would be smaller 
t h o  that observed for tetrabutylanimoniurn fluoride. 

Apparent molal heat contents, @ L ,  and osmotic and 
activity coefficients at 25" were determined in this 
investigation for aqueous solutions of Ru4N butyrate, 
Bu4N valerate, Bu,N heptylate, Bu4N pelargonate, and 
Bud N caprate. These data were used to calculate excess 
enthalpies, HEX, free energies, GEx,  and entropies, 
SEX, according to the following equations:' 

A plot of the coriceiitration dependence at 25" o f  these 
three thermodynanlic excess properties is given in Fig. 
6.13 for five tetrahutyl1arrinronium carboxylates and 
also for tetrabutylarrimnnium fluoride to serve 2s a basis 
for comparison. The osmotic and activity coefficients 
required for the calculation of GEX for Ru4NF were 
taken froin the paper of Wen, Saito, and Lee.' ' The 
apparent molal heat contents of aqueous solutions of 
B u ~ N F  have also been reported.' 

The apparent molal heat contents of aqueous solu- 
tions of tetra'nutylammoriiuna carboxylates are larger 
than those of any other 1 - 1  electrolyte reported in the 
literature. These exothermic heats of dilution are 
attributed to the formation of more complete hy- 
drogen-bonded water cages as water is added in the 
dilution process. The increase of @I, with concentration 
fo r  te  traalkylammonium halides has been at- 
tributedI8,l9 to a n  increase in the overlap of the 
hydration cages with concentration. This overlap is even 
greater for tetrabutylammonium carboxylates since 
both cations and anions compete for the available watcr 
molecules to form hydration spheres. For this reason, 

O R N L - D H C  71 3463 

Fig. 6.13. IExce-s tlwrimdynamir functionu vs molality for 
aquctaur solutions af tetrabutylammoniorrr carboxylates at 25". 
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Q”L for Bu4NBut at a given molality is far greater than 
the sum of for Bu4NF4 and GL for NaBut’ ai, the 
same molality.* 

Thest: large values of QjL or H E X  (Fig. 6.13) are also 
paralleled by large values of TSEX. This change in 
entropy on dilution i s  a measure of the increased 
struclure or ordzr in the solution per mole of solute for 
the transition from the overlap (disorder) condition in 
concentrated solution to the completed hydrophobic 
hydration sphere (ordered) condition at  infinite di- 
lution. 

The magnitude of TSEx increases with the car- 
boxylate chain length over the entire concentration 
range. H E X  is almost identical with TSEx for Bu4NUut 
and Bu,NVal over the concentration range studied. In 
concentrated solution, HEX decreases with increasing 
carboxylate chain length, and GEx becomes mote 
negative. These lower values for (;Ex a t  higher concen- 
trations also suggest increased association or overlap as 
the size of the anion incresses. 

Hydrophobic Bonding 

The interaction betwcen hydrophobic species in 
aqueous solutions [nay be compared to the interacl t o r i  

between neighboring nonpolar groups in the native 
conformation of proteins. XI has been suggested by 
Kau71 t i ann~~  that the hydiophobic moletie? ;ire at- 
cracted and stabilized in the natrvz conformation 
because of the unfavorable negative entropy change 
acconipaiiying the interaction of these unfolded hydro- 
phobic groups with the solvent. This solvenl-induced 
stabilization has been referred to as “hydrophobic 
bonding” or, more conectly, the “hydiopliobic mter- 
action.” ~tieoretical calculations2 1-2 ant[ ihermo- 
tlyiiainic studies2 have tended to support this mecha- 
nism. 

Our interpretation of the thermodynarriics of dilution 
of aqueous solutions of le trabutylarnrnonium oar- 
boxylates is similar to the “hydrophobic interaction” 
interpretation of protein denahlation. Concentrated 
solutions of Bu4NBut, for example, with extensive 
overlap of hydration splieies or possibly ion association, 
inay be compared to a protein i n  its native config 
uration. The dilutioii process for Bu4NBut soluiioos IS 

accompanied by a loss 111 entropy due to the formation 
or completion of hydrati~m spheres; this proces? is 
analogous to the denaturation process in which non- 
polai groups on a protein are exposed to the solvent, 
leading to the formation of hydrogen-bonded water 
cages. The thermodynamics of dilution of Bu4N car- 
boxylate solutions and the denaturation of proteins 

suggest a disorder-order tiansition. Aqueous solutions 
of tetrabutylammoniurn cai boxylates may therefore 
serve as model systems for proteins stabilized in their 
native configuratiori by the “hydrophobic inlet action.” 

~ .. 
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THE EFFECT OF DIMETHYL SULDDXinE (DMSO) 
ON HYDROPHOBIC INTERACTIONS: HEATS 
OF DILUTlON OF ~ E T R A ~ ~ T ~ ~ - A M ~ O N ~ ~ M  
BROMIDE iN THE MIXED sowma- SYSTEM 

WATER-DMSO 

M. J .  blastroianni’ bl. J. Pikal’ S. Lindenbaum’ 

The physical properties of aqueous and nonaqueous 
solulions containing large organic ions, especially tetra- 
alkylammorriuni ~ o I I s , ~ - ~  have suggested thaf these ions 
“promote structure” via increased hydrogen bonding in 
these solvents. One would then expect mixed solvents 
that consist of water and m n e  aprotic solvent to have 
iriheiently less structure lhan pure water, and thus the 
effect of tetraalkylammonium ions would not be as 
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pronounced in such mixed solvents. The purpose of this 
study was to determine the effect of increasing DMSO 
concentration on the heats of dilution of tetrabutyl- 
aminoniuiri bromide in DMSO-H2 0 solvent systems. We 
are eventually interested in comparing the effect of a 
poor protein denaturant (DMSO) with the effect of a 
good denaturant (i.e., urea). 

We have measured the heats of dilution of several 
mixed solvent solutions of tetrabutylammonium bro- 
mide at 25°C. The correction term to infinite dilution is 
given by 

where M n  is the correction to infinite dilution, m is 
the molality, and 6, is the Debye-Huckel limiting law 
slope, which may be calculated The measured heats of 
dilution were then corrected to infinite dilution to yield 
apparent molal heat contents Data for GL, at one 
aquamolal Ru4NRr vs mole fractinri DMSO are given in 
Fig. 6.14. Aquamolality, mu, is defined by 

where n 2  is moles of solute, Mo is molecular weight of 
water, and no ,  is the total number of moles of mixed 
solvent. The limiting law slopes, 6,, vs mole fraction 
DMSO are given in Fig. 6.15. The Debye-IIiickel. 
limiting law slope, 6,, is given by 

3 

x p l / 2  ['E+ -!E,. !I, (3)  
D a T  3VdT T 

0.4 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
XDMSO 

Fig. 6.14. Apparent molal heat contents of aquamolal tetra- 
butylammonium bromide in the mixed solvent system WzO- 
DhlSO at 2 5 ° C  
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Fig. 6.15. 'Themetical Debye-Huckel limiting slope in the 
nuxed solvent system 1-11 0-DMSO at 25" C. 

where vi is the number of ions put into solution by the 
solute, zi the respective charges on cations and anions, p 
the density of the solvent, D the dielectric constant, 
and V the molal volume of the solvent. The other terms 
have their usual meanings. 

I t  should be noted that these are the first negative 
Debye-Hiickel slopes to be reported.8 This negative 
slope is caused by the small negative value of aD/dr for 
this system; most other systems have a highly negative 
aD/aT, whch gives rise to a positive 6,. 

The GI, data shown in Fig. 6.14 fall off quite rapidly 
up to -4.35 mole fraction DMSO and remain fairly 
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constant (and small) at the higher DMSO concen- 
trations. The 0.35 mole fraction region is where a 2: 1 
water: DMSO coniplex probably exists; the existence of 
this complex is supported by: 

1. 

2. 

3 .  

4. 

5. 

h e  fact thd t  the point of greatest deviation from a 
straight line connecting the density of pure water 
with that o f  pure DMSO occurs at XDMs0 = 0.33; 

the viscosity maximum and the point of greatest 
deviation from a straight line between the pure 
solvents occur at XDMs0 = 0.3 + 0.4; 

the heat of mixing per mole of solution has an 
exothermic maximum between X , , , ,  =: 0.3 and 
0.4; 
the thermodynamic excess function. T ASEx,  IS 

negative for all DMSO-water solutions and passes 
through ii niininium value at X,, so ~ 0 . 3  to 0.4; 

finally, the temperature coefficient i? In D/dT for 
the temperature range 15 to 35” is relatively 
insensitive to solvent change until ,U,, so - 0.35.9 

We may interpret the G1, data as follows. 131hlSO 
disrupts water structure only slightly at low DMSO 

0.1, the “degize of water structure” decreases rapidly as 
the DMSO level IS increased until X,,,,, = 0.33. Here, 
the water is “bound” w t h  DMSO, the “water struc- 
ture” is completely destroyed. and the hydiophobic 
(Ru),N’ ion can no longer ^‘increase water structure.” 

‘The interpretation IS consistent with 1 tie fact that 
DMSO IS a poor protein denaturant. According to 
popular concepts, much of the stability of a protein in 
its native state arises because ol‘ the unfavoiable 
entropy change wluch would result if denaturation took 
phce ( i s . ,  if hydiophobic chains weie exposed to an 
acpeous environrne tit, thereby causing an increase 1n 

water structure). Thus, a denaturant will be good if 
addition of a sniall m o u n t  of it w~l l  rnodlfy (or 
destroy) the watei structure such that hydrophobic 
groups in the ‘‘ac~ueous’’ environment will no longer 
increase the water structure In t h s  case, AS for 
denaturation will iio longer be unfworable, and the 
denatured state will be thermodynamically stable From 
the data presented here, we conclude that large 
ainounts of DMSO die needed to prevent hydrophobic 
groups (butyl groups) from increasing the “structure” 
in the aqueous environment. Thus, from this interpre- 
tation, one would predict that DMSO would be a poor 
denaturant in agreement with observation. 

The next steps to be followed are (1 )  to look at the 
heat of dilution or an electrostiictive ion such as Li” 111 
these solvents and (2) to  look at heats of dilution of 

levels (XDbfs0 - 0 05). However, above XDMs0 N 

tetrabatylammoniuni bromide in a water -good- 
denaturant medium as a function of X d a n a t u r a n t .  
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TRACER DIFFUSION COEFFICIENTS OF HTO 
AND C l -  IN CATION EXCHPLNGERS 

M. J .  Pikal’ 

Tracer diffusion coefficients for the species HTO and 
‘CI - were determined jni sodium-form sulfonated 

polystyrene type (i.e., Dowex 50) calioii exchangers o f  
nominal I -7, 4> and 8% tIiviny1t)enzene (UVU) at 25°C. 
A batch technique2 ,3 was used for the diffusion 
measurements. The external aqueous phase was 0.22 N 
.NaN03. 

‘The purpose of this study is to provide diffusion data 
in soclium-form Dowex 50 type ion exchangers which 
may be directly compared with diffusion data in 
aqueous solutions o f  sodium p-ethylbenzenesulfonate,4 
a “model electrolyte” for exchangers of the Dowex 50 

type. 
The diffusion coefficients of HTO and 36Cl -  in 

sodium p-ettiylbenzenesulforiate (NapERS) are coni- 
pared with the corresponding data in the ion exchange 
resins in Fig. 6 .  I6.  The concentrations N,, are “weight 
normalities,” or “‘molalities” (i.e., urlits of equivalents 
per kilogram of H20). I t  should be noted that diffusion 
of water (HTO) and co-ion (36C1-) proceed slightly 
faster in the electrolyte solution (NapERS) than in the 
ion exchanger at concentrations where the data overlap. 
However, the differences between the NapESS data and 
the ion exchanger data are fairly anrall, particularly for 
NW 2 3.0. Moreover, the NapEBS m d  ion exchanger. 
curves seem to approach one another as the concen- 
tration increases. 

One feature of the ioo exchange data which is not 
mirrored by the model electrolyte is the curious lack of 
dependence of D,,,.. on concentration in the region 
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Fig. 6.16. Tracer diffusion coefficients for MTQ and 36Cl- in 
sodium p.etbylbenzenesulfon~t~ and in Dowcx-50-type ion 
exchangers at 25°C. 

between 1.5 and 3.5 172. Although this feature is 
believed t o  be real, no satisfactoi-y theoretical expla- 
nation can he offered at present. Very careful equiv- 
alent water content measurements are currently in 
progress in au attempt to reduce the uncertainty in the 
N,,, values for the ion exchangers. However, it is very 
unlikely that more accurate N ,  data will alter the basic 
characteristics shown in Fig. 6.16. 
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KY OF THE POROUS-FRIT METHOD OF 
MEASURING SELF-DIFFUSION CONSTANTS' 

Lawrence Dresner 

Nelson and c o - ~ o r k e r s ~ - ~  have developed a radio- 
metric variant of the porous-frit method5 of measuring 

self-diffusion constants. A porous frit is equilibrated 
with a solution containing a radioactive tracer. A 
solution of identical composition but no1 containing 
any tracer is then flowed past the surface of the frit. 
The radioactive tracer diffuses out of the frit into the 
flowing stream, while an equal. amount of its nonradio- 
active counterpxt diffuses in. The total activity of the 
frit decreases with time in a way that depends on the 
self-diffusion constant 0 of the tracer species in the 
s o h  tion. 

The frits used by Nelson e t  al. are rectangular 
parallelepipeds much thinner than they are long or wide, 
and it is tempting to treat them as homogeneous slabs 
infinite in two directions. The tracer eluted from the 
slab is assumed to be swept away as soon as it appears 
at the surface of the fri t .  1.Jnder these assumptions, after 
an initial transient, the activity remaining in the frit 
decreases exponentially with a half-time t ,  , 2  relilted to 
Qeff .  the effective self-diffusion coefficient o f  the 
tracer in t i l e  frit, as follows: 

where c is the frit thickness. 
Equation (1) is inaccurate for at least two reasons. 

First, the frit is not an infinite slab, but has a finite 
length and width which are, however, large compared 
with its thickness. The practical effect of this on Eq. (1) 
is to  change the numerical constant slightly; detailed 
formulas for correcting the constant are given in the full 
report.' Second, the tracer eluted from the slab is not 
swept away as soon as it appears at the surface of the 
frit but (roughly speaking) must diffuse through an 
adherent layer of liquid into the main stream before 
being swept away. This increases the observed half-time 
above the value that should be inserted in Eq. (1) by an 
amount that depends on the hydrodynamic conditions 
near the frit. The necessary correction t o  the observed 
half-time has been calculated for a variety of laminar 
and turb iknt  flows, both for developing and fully 
developed concentration distributions. l n  addition, the 
effective self-diffusion coefficient of the tracer in the 
frit is smaller than the self-diffusion coefficient of the 
tracer in the eluting solution owing to the obstruction 
of the diffusing tracer by the Solid parts of the frit. The 
extent of this obstruction effect has been estimated. 
Finally, the application of the equations to mernbranes 
instead of frits is indicated.' 
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MASS TRANSPORT STUDIES’ 

F. Nelson R. J. karidon 
Ii. 0. Phillips 

K. A. Kraus3 
A. J .  Shor2 

During this year a variety of mass transport studies 
have been carried out. These included: 

1. 

2. 

3 .  

4. 

5. 

ti. 

development of extrapolation procedures for meas- 
urement of self-diffusion coefficients by the porous- 
frit me thod, 

effect of temperature on the calibration of the 
porous-frit method, 

development of extrapolation procedures and gen- 
eral confirmation of hydrodynamic theory for self- 
diffusicm coefficient measurements with porous 
tubes, 

measurement of self-diffusion coefficients of simple 
ions in water-organic mixtures (Na’ in glycerol 
triacetate and in polyacrylic acid), 

development of techniques and evaluation of the 
hydrodynamic aspects of measurement of self- 
diffusion coefficients of counterions in ion exchange 
membranes under conditions where distribution 
coefficients are large, 

1iydrodyn:imic aspects of trace me tal deposition in 
tubular systems [deposition of Hg(1I) on copper 
iubes] . 

Several o f  ~hese  topics are briefly described below. 

Development of the Porous-Frit Method - Effect 
of Temperature 

In the porous-frit method fur measurement of self- 
difiusion coefficients, a rectangula~ porou5 frit s,itu- 
rdted with a solution containing a tracer of  interest is 
placed into the center of a tube thtougli which an 
tdenlical solution not containing tracer is pumped. The 
rate of iernoval of the ladloactive tracer IS  monitored, 
and diffusion coefticients are calculated, after :ippro- 

priate calibration with a tracer of known diffusion 
coefficients. A flow regime has to be selected under 
which diffusional resistance in the boundary layer is 
small and reproducible, or extrapolation procedures to 
“infinite circulation velocities” need to be used. I n  
many of our earlier studies, the former technique was 
applied; during this year, more emphasis was pliiced on 
development of extrapolation procedures. With proper 
extrapolations, it was hoped to increase the precision of 
the method and make it more broadly applicable, for 
example, to systems with widely differing viscosities, to 
systems with widely differing temperatur-es, and to 
systems such as thin adsorbing membranes where the 
resistance in  the boundary layer is difficuli to eliminate 
at reasonable pumping velocities. For all the extrapo- 
lation techniques, the equations developed by Dresner4 
were used. In the more difficult hydrodynamic cases, it 
appeared that a significant improvement i n  precision 
could be obtained by modifying the porous-frit tech- 
nique by using instead o f  a suspended rectangular frit, a 
tubular system containing a snugly fitting cylindrical, 
hollow porous body. A few of the experimerits carried 
out wjth this geometry are described in the following 
subsection. 

In the extension o f  the porous-frit method to 
measurements as a function of temperature, one would 
expect that the frit co11stilnt, which is essentially the 
ratio of diffusion coefficients in the frit to those in a 
simple solution, would be independent of temperature, 
and that the temperature effect would be restricted to 
the boundary layer and hence could be eliminated by 
proper extrapolation procedures. In a series of self- 
diffusioii experimenls with Na’ in ca. 0.1 and I 1y1 

NaCl, it appeared that the diffusional half-lives vary 
linearly with l / f i  where ZL is the circulation velocity 
(see Fig. 6.17), as suggested by theory. From the 
iritercepts at 1/&i- = o (corresponding to  extrapolation 
to 11 = m), the apparent diffusion coefficients were 
computed as a function of temperature, using the 1 m 
NaCl point at 25°C for calibration. 

For the 0.1 m NaCl series, the computed diffusion 
coefficients are compared in Table 6.8 with those 
computed from limiting ionic conductances Ihrough the 
Nernst equations ( kJN) .  The ratios d/iJN are somewhat 
lass than unity, qualitatively as expected from the 
dependence o f  self-diffusion coefficients on ionic 
strength. Correcting the “infinite dilution” diffusion 
coefficients for the effect of finite salt concentration by 
the method of Gosting arid I-Iarneds (SGH) yields 
values of fi,/iJGIJ (see Table 6.8) approximately equal 
to unity. I t  thus appears that the assumption of 
invariance o f  the frit constant with temperature is valid 
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within experimental error. Under this assumption, 
self-diffusion coefficients of Na' i n  NaCl solutions were 
computed for the temperature range 15 to 85°C from 
the experimentally determined diffusional half-lives. 
The results are summarized in Table 6.9. 

0 150 

/- OM/-- 
/--Y 

/ -3  

Mass Transport and Diffusion in Tubular 
Ion Exchange Systems 

We have repoited6 previously on certain hydro- 
dynamic aspects of adsorption of ions by cation 
exchange membranes under conditions where adsorb- 
ability of the ions was large, and hence the back 
reaction, diffusion from the membrane to the solution, 
negligible. The observed mass transfer rates as a 
function of tube length and solution flow rate were in 
excellent agreement with t h e ~ r y . ~  

During the current year we have investigated the more 
complex mass-transfer problem in which not only the 
hydrodynamic environment in the solution phase is 
important, but where also diffusion from the membrane 
to the solution must be considered. The tubular system 
were imide by lining small glass tubes with t h n  ion 
exchange membranes. The rates of exchange of radio- 
active sodium (24Na) from the sodiuin form of the 

Table 4.8. Comparison of measured diffusion coefficients 
(Kl) for Na+ in 0.1 m N S !  wit! those computed from 

conductance data (14, and ~ ! d ~ ~ . ~ )  

Temperature fl /fl f i /GGH 
N 

......... .....____ .... 
CC) 
___. 

15 0.957 1.020 
25 0.938 1,000 
40 0.928 0.994 
60 0.9 15 0.984 
85 0.944 1.019 

cation exchange rneriibranes to contacting NaCl solu- 
tions were measured as a function of flow rate, aqueous 
salt concentration, membrane type, and membrane 
length. The salt concentration range was 0.08 to 5 M ,  
which corresponds to a range of volume distribution 
coefficients D, (amount per cubic centimeter of 
mernbrane/amount per cubic centimeter of solution) 
between 15 and 0.3. Phe membranes used were of the 

L A 

f i 
0 0.2 0.4 0.6 0.8 

u -1 /2  

L -1---- ....... L..-L 
i6  12 8 6 4 2 1.5 'm 

VELOCITY, u Icrn/sec) 

Fig- 6.17. Half-times for self-diffusion of Na' in 1.022 M 
NaCl as a function of temperature and circulation velocity. 

Table 6.9. Self-diffusion coefficients of Na' in NaCl solutions 
.......__...___-I__ .... ...... ___..___ .... __l___..--___--l__ 

1.022 m NaCl 

J9 x 105 Viscosity, 
__ ....... __ ..... ___...____.___. - ....... ___. ___..___ ......... __ 0.10 rn NaCl 

iJ x 10s Viscosity, 
' lemp eratu re 

n;)vx 105 
icm2/sec) 17 icP) 

b l x  10s 
(cm2/sec) 17 ( c n  

P C )  

15 0.98 2 0.2" 1.147 1 .13  0.94 2 O . O l a  1.232 1.16 

40 1.76 +_ 0.03 0.659 1.16 1 . 7 5  + 0.04 0.725 1.27 
60 2.54 ?- 0.02 0.472 1.20 2.46 * 0.06 0.524 1.29 
85 3.84 + 0.11 0.338 1.30 3.65 * 0 04 0.378 1.38 

25 1.25 t 0.01 0.898 1.12 1.23db 0.977 1.21 

%tandaxd error calculated from least-squares fit of data. 
h a l u e  taken from K. Mills, J. Arnev. C'hern. SOC. 77,6116 (1955) 
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sulfonated polyethylene-polystyrene type (AMF C-60, 
Kust-Mason CC-60). In 0.1 M NaCL, these had a 
thickness of 0.32 and 0.070 mni, respectively, and 
capacities of ca. 0.9 and 1.25 meq per cubic centimeter 
of water-swollen membrane. Water contents, estimated 
from nianufacturers' data, were ca. 29 and 50% of their 
water-swollen weights. Mosf of the exchange I ates were 
measured under larninai flow conditions. 

l'ypical data for the AMF C-60 membranes in 0.1 and 
I M NaCl are shown in Fig. 6.18, wheie the half-time 
for exchange, t l 1 2 ,  is plotted against (Z/u)1/3 (I = 
menibiane length in centimeters, and 11 = lineal flow 
velocity in centmeters per second). As expected from 
simplified theory,4 varies linearly with (Z/u)l/3" 
bxperinients with two diffetent lengths of inembiane, 
1 5 2  and 5.00 cm, show lhat the rate of exchdnge 
depends on Zi  13.  I n  these casea, extrapolation to l/u = 0 
appears to perrmt meaningful estimation ofrt,,,), and 
hence o f  the diffusion coefficient in the membrane. The 
latter can be obtained from the equation for an infinite 
slab sealed on one face. J!) = 0.281d2/t,,2. where d IS 
thickness of the membrane. Values of d?, for this 
nwmbrane were: 1.1, 0.95, and 0 38 X cm'jsec 
for the membrane immersed in 0.1, 1 .O, and 5 .OM NaCl 
re spec tively . 

As shown in Fig. 6.18, at a given flow rate the rale of 
exchange decreases rapidly with decreasing NaCl con- 
centration and hence with increasing distiibution coeffi- 
cient. This is at least qualitdtively in agreement with 
theoiy. 

i 

GI-- ... ! ..... L ....... 1 ....... 1 ........ ..J 
0 I 2 3 4 5 6 

(.P /" ) " 

Fig. 6.18. Dependence of self-exchange of Na' in tubulzu 
cation exchange membranes on flow rate (u, cmisec) and length 
(1, cm). Experimental conditions: AMFC-60 membrane (0.30 
mm); tube radius, 0.26 cm; 25°C. I = 1.52 cni, +;Z = 5.00 cm, fj. 

Mass transfer data weie also obtained for the thinner 
and more swollen CC-60 membrane in 0.08, 0.3, and 1 
M NaCl. As with the AMF C-60 membrane, t l l z  varied 
linearly with zi-1/3 and was markedly dependent on 
D,. At the higher distribution coefficients, mass 
transfer in these systems was largely controlled by f in i  
diffusion with diffusional half-lives being well over an 
order of magnitude larger than the extrapolated value at 
infinite velocity. In these cases, deteimination of i! N d  

in the menibrane would thus be difficult and subject to 
large uncertainties. 

The experiments dramatically demonstrate that ex- 
treme caution is necessary in the determination of 
diffusion coefficients in membranes when distribution 
coefficients are large. 

Adsorption of Hg(1l) on Metal Tubes 

In connection with studies on the removal of traces of 
mercury from aqueous streams,' it is of interest to 
establish the extent to which mercury losses might 
occur by adsorption or deposition on walls of con- 
tainers. Monitoring oP the buildup of tracer on the walls 
during flow of radioactive tracer through tubes seemed 
to be a particularly simple method o f  obtaining 
quantitative information. 

Some experiments were carried out with type 304 
stainless steel tubes 5 om long and O S  crri in diameter. 
Using ca. 1.25 X lo-' M Hg(l1) solutions in  1 iM NaCl, 
essentially negligible adsorption was found during 3 hr 
of circulation. With copper tubes, on the other hand, 
significant "adsorption" occurred. The copper tube 
studied had a diameter of 0.48 cm; leiigth varied 
between 2 and 15 cm. Rates of adsorption were studied 
over the linear flow velocity range 0.1 to 160 cmisec, 
corresponding to Keytiolds numbers of ca. 6 to 9000. 
In the laminar flow regime, adsorption of Hg(,IZ) varied 
with the '13 power of tube length arid tile 'I3 power of 
flow rate, as expected from the Levich equation for a 
reaction which is essentially diffusion controlled. In the 
turbulent flow region, the rate of adsorption varied 
approximately linearly with tube length as was ex- 
pec ted. 

Although one cannot expect that liquid diffusion 
control for deposition of mercury will hold when large 
amounts of mercury are to be removed f rom solution 
(in that case, presumably, the rate-limiting step will be 
diffusion of copper through the deposited mercury 
layer), these resul1.s imply that small amounts of 
mercury could be rernoved by flowing contaminated 
s i  reams through small-diameter tubes of' approprhte 
metals, including copper, or through screens or packed 
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beds of metal particles. From the Levich equation and 
its extension by Posey' to a region of large percentage 
removal, one can estimate that with tubes ca. 1 ft long 
and with cross-sectional area ca. 1 mm', removal of 
mercury at trace concentrations should be well over 
95% at flow rates of several centimeters per minute. 

1. Research jointly sponsored by the Office of Saline Water, 
U.S. Department of the Interior, by the ORNL-NSP Environ- 
mental Program, and by the US. Atomic Energy Commissiorr 
under Union Carbide Corporation's contract with the U S .  
Atomic Energy Commission. 

2. On loan from the Reactor Chemistry Division. 
3.  Director's Division. 
4. L. Dresner, Theory of the Povous-Frit Method of Meav 

w i n ~  SelfDiffusion Constants, ORNL-4667 (March 1971) and 
the preceding contribution, this report. 

5. L. J. Gosting and H. S. Harned, J.  Amer. Chern. Soc. 7 3 ,  
159 (1951). 

6. F. Nelson, Chew. Div. Annu. Frugr. Rep. May 20, 1970, 
ORNL4581, p, 103. 

7. V .  G. Levich, Physiochernicul ffydrodynurnics, p. 1 1  2, 
Prentice-Hall, Englewood Cliffs, N.J., 1962. 

8. See, for example, F. Nelson and M. D. Danford, "Adsorp- 
tion of Cd(1I) and Hg(11) on Anion Exchangers from Chloride 
Solution?," the following contribution, this report. 

9. K. .4. Kraus et ai., Chem. Div. Annu. Pvog.  Rep. May 20, 
1967, ORNL-4164, p. 86. 

ADSOWTION OF Cd(11) AND Hg(I1) ON ANION 
EXCHANGERS FROM CHLORIDE SOLII'IFLONS 

F .  Nelson M. D. Danford 

Two elements known to be toxic pollutants, mercury 
and cadmium, have received considerable public atten- 
tion because of their widespread occurrence in waters 
and because of their high toxicity at low concen- 
trations. Methods of removing these elements from 
sources of contamination, for example, industrial ef- 
fluents, and from other aqueous niedia in which they 
occur apparently will become increasingly important. 
Ion exchange methods appear particularly proiilising. 

'To extend previous information on the anion ex- 
change behavior of Cd(I1) and Hg(I1) in HC1 solutions,' 
we have measured their adsorption on an anion ex- 
changer (Dowex 1-X1 0) from other chloride solutions 
(NaC1, LiCI, AICI3) containing a small amount of acid 

'The observed distribution coefficients, Dv (amount 
per cubic centimeter of resin/amoiint per cubic centi- 
meter of solution) at tracer loading of the resin, 
measured radiometrically ( I  9 7 H g ,  ' 09Cd) are shown in 
Fig. 6.19. As expected from earlier anion exchange 

(lo-* MI-IG1). 

studies of Zn(II),2 adsorbabilities were significantly 
greater from the salt solutions than from I-IC1 solutions. 

Methods of eluting Cd(T1) and Hg(I1) after their 
adsorption from chloride media were also investigated. 
Although moderately concentrated H2S04 (2 to  4 M) 
and 11N03 (2 to 6 M) may be used to  elute these 
elements, the elution bands, particularly those of 
Mg(IT), tail badly, and regeneration of columns to the 
chloride form after removal of Cd(l.I) and Hg(1I) is 
difficult. 

A systematic study of the elution behavior of Cd(I1) 
and Hg(II) with 1 to 5 M NaCl solutions containing 
small amounts of ethylenediaminetetraacetic acid 
(EDTA) showed that this complexing agent, at an 
appropriate pH, is an effective eluent. Easy removal o f  
the elements under these conditions is consistent with 
an earlier observation3 that anionic EUIA complexes 
of many metals are weakly adsorbed by anion ex- 
changers in moderately concentrated chloride solutions. 

In addition, Cd(1I) and Ng(I1) may be sequentially 
eluted through pI1 control of the NaCI-EDTA solutions. 
A typical separation is shown in Fig. 6.20. '4fter 
adsorbing and concentrating the elements from 5 M 
NaCl on a small anion exchange column, Cd(1l) and 
Hg(I1) were eluted in well-separated, sharp bands with 1 
M NaCl-0.1 M EUI'A solutions adjusted with NaOH to 
PI-I 5.5 and 12.0 respectively. Since the selectivity of 
the anion exchanger is small for EDTA, the column 
remains predominantly in the chloride form, and only 
mjnor pretreatment is required prior t o  the next 
adsorption cycle. 

Fig. 6.19. Adscaption of Cd(I1) and Hg(I1) in chloride 
solutions. Dowex 1-X10, 25°C; HCI data from ref. 1. 
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1. K.  A .  Kraus and F. Nelson, Proc. lnt .  Cotif: Pcaccful Uses 
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3. F. Nelson, K. A. Day, Jr., arid K.  A .  Kraus, J. lnorg. iVuc2. 
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Fig. 6.20. Concentration of Cd(l1) and Hg(I1) from 5 M NaC1; 
selective elution with 1 il.I NaCl-O,l M EDTA solulions. Dowex 
l-X10, 200 -400 m a h ,  0.25 cmz X 4 cm column, 25°C. 

ACTIVITY COEFFICIENTS OF NsCl IN WATER- 
ORGANIC MIXTURES’ ,2  

K. J. Raridon K .  A. Kraus’ 

Activity coefficients of NaCl in water mixtuies of 
low-molecular-weight diols. Gellvsolves, and Carbitols at 
25°C were calculated from solubility nieasurements 
made previously. The compounds included i n  this study 
can be cldssified under the types K”0K‘OII or 
R”OR’OK0H where K and K‘ range from -CZII4-  to  
C 6 H l  * -  and R” ranges from -FI to  -C4H9 

For the straight chain compounds, the solubility of 
NaCl at a given water content decreases 3s molecular 
weight increases in :i homologous series, as we had 
observed previously with glycols and glycol mono- 
methyl ethers. Rianching his a inedsurable effect on 
solubilil y, but, as niighl be expected, the effect 
becotnes less pronounced as the chain length increases. 
For example, at water cuntents less than 1556, the 
solubilities of NaCl in the propanediols differ by a 
factor o f  2 or more, while for the 1,3- and 1,4- 
butanediols the solubilities die nearly the same over the 
entire composition range. r‘omparison of the results f o r  
the 5-carbon diols (pentane-1 ,S-diol and 2,2-dimethyl- 
piopane-l,3-diol) shows that brmching not invulving 

functional groups can also result in a higher NaCl 
solubility at low water contents. 

It is of interest io compare the activity coefficjent of 
NaCl, yi*, in aqueous solutions of the different 
compounds. The results (,at 5% water content) are 
shown in Fig. 6.21 as :I function of NCH/fVo where 
NCH is tbc number of cartxihydrogen bonds and N(, 
is the nuniher of oxygen atoms present in the molecule. 
The compounds are identified in Table 6.10. The 
previously determined value for ethylene glycol is also 
included. The logarithm of tlie activity coefficients for 
these two series (K”0R’OH and R”OR’OR0H) in- 
creases roughly linearly with th is ratio. The equation 
for the dashed line in Fig. 6.21 i s  log y+.* = --1 .X t 

Aci ivity coefficients in some of the higher members 
of the polymer series of polyethylene glycols and their 
monomethyl ethers‘ also fall near this straight line. The 
activiiy coefficients in the dimethyl ethers and the 
highest-molecular-weight members of tlie other two 
polymer series. however, are far above those predicted 
from Fig. 6.21. Thus, although ihe relationship can be 
used to estimate activity coefficients for other members 

0.53N,H/N,, . 

I 
0 (0 

-1 / 014 
-0 I 0 u - -  

‘ *2  / 3  

Fig. 6.21. Activity coefficients of sodium chloride at satura- 
tion in solutions of some oxy-oxa compounds containing 5% 
water. NcH = number of carbon-hydrogen bonds, A’,-, = number 
of oxygen atoms; compounds identitied in Table 6.10. 
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rahle 6.10. Identification of compounds studied 

Number Compound 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

1,3-Butanediol 
1,4-Buianediol 
2-Butene-1,cl-diol 
2-B u tox ye than01 
Butoxyethoxypropanol 
I-Butyn+l,4-diol 
2,2-D1methyl-1,3-propanediol 
2-tthox yethanol 
243-E thoxyethox y)ethanol 
2.5-Hexanediol 
2-Methoxyethanol 
2-(P-Methoxyethoxy)ethanol 
2-Methoxypropanol 
2-(p-Methoxypropoxy)propanol 
2-Methyl-2 ethylpropanediol 
2-Methyl-2,4-pentanediol 
2,2’-Oxydiethanol 
2,2’-Oxydipropanol 
1,5-Pentanediol 
1,2-Propanediol 
1,3-Propanediol 

of the series studied here, it should not be used for 
widely differing series. 

I .  Research sponsored by the Office o f  Saline Water, U.S. 
lkpartment of the Interior, under Union Carbide Corporation’s 
contract with the US. Atomic Energy Commission. 

2. Expanded abstract of a paper in J.  Chem Eng. Dam 16, 
241 (1971). 

3.  Director’s Diviaion. 
4. W. M. Baldwin, R. J. Raridon, and K. A. Kraus, J. Phys. 

Chem 73, 3417 (1969). 

DENSITY OF WATER-ORGANIC MXTiJRiES 
AT 25OC’ 

R. J. Raridon K. A. Kraus’ 

As part of the Water Research Program we have 
ineasuied the densities of a large number of water- 
organic solutions. The solutions were prepared by 
weight and had water contents of ca. 5 ,  15,25 ,50 ,  and 
75%. The pycnometers (2 ml) were equilibrated in a 
water bath. 

The density data have been fitted to an empirical 
equation so that the results might be readily available. 
We first calculated an excess density function, 

where p is the density and x is the weight fraction. The 
subscripts refer to water ( I )  and organic (3). This Ap 
function was then fitted by a least-squares routine to 

With the values of A and I1 thus obtained for a specific 
compound, the density for any given organic-water 
composition can be calculated as follows: 

The computed values of A and B for some 40 organic 
compounds, plus the measured values of p3 ,  are listed 
in Table 4.1 1. ‘The values of A are positive in all cases. 
A measure of the accuracy of a computed density can 
be obtained from the data in the last two colurniis, the 
maximum deviation be tween computed and measured 
values, and the maximum standard error. A value of 10 
X for either quantity would correspond to an 
error of ca. 0.1% in the density. Thus it appears that 
densities can be computed for water mixtures of most 
of these organic compounds with a maximum crror of 
less than 0.1 %. 

1. Research sponsored by the Office of Saline Water, US. 
Department o f  the Interioi, under IJnion Carbide Corporation’s 
contract with the U.S, Atomic Energy Commission. 

2. Director’s Division. 

I3YPERFILTRATI N WITH DYNAMICALLY 
FORMED MEMBRANES 

W. H. Baldwin A. J. Shor’ 
J .  Csurny C. G. West 
1,. J.,. Fairchild’ C. G.  Westmoreland 
N. Harrison J. T. Day3 
C.  E .  Higgins P. 11. Wadia3 
J .  S. Johnson J.  Acosta3 
K. A. Kraus’ J. B. Cabellon3 
D. C .  Michelson J-P. Jacks3 
R. E. Mintuin A.  K.  Padia3 
G.  E. Moore S. Kuben3 

L. E .  Whitesides3 

Water Research Program efforts suppolted by the 
Office of Salme Water, U S  Department of the Inteiioi, 
have been focused on development of hydrous Lr(1V) 
oxide-polyacrylate membranes. Last year: we re- 
ported that exposure of a hydrous oxlde membrane to 
an acidic solution containing polyacrylate resulted in a 
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Table 6.1 1. Parameters for calculating densities of water-organic mixtures at  25” 

p = x ] p ]  + x 3 p 3  + A r , x 3  + l Y X I X 3 ( X I  x 3 )  
XI = weight fraction water 
X J  = wcight fractic 7 organic compound 
p 1 = density of water = 0.99707 g/c.1n3 
p 3 = density of pure organic compound 

Compound p 3  

~ 

Acetone 
Ace f onitrile 
2-Aminoethanol 
1,3-Butanediol 
1,443~ tanediol 
Nutoxyethanol 
Diethanolamine 
Diethylene glycol 
Diethylene glycol monobutyl ether 
Diethylene glycol nionoethyl ethcr 
Oiethylene glycol monomethyl ether 
Dime thylformainide 
Dimethyl sulfoxide 
Dioxane 
Dipr~pyleiie glycol 
Dipripylene glycol monomethyl ether 
2Bthoxyethanol 
Ethanol 
Ethylene glycol 
Ethylene glycol monoacetate 
Ethyl lactate 
Formamide 
Glycero I monoacetate 
Glycerol diacetate 
2,s-Hexanediol 
1.2,6-Hexanetriol 
4-Hydroxy-4-me tliyl-2-pentanone 
Methanol 
2-Methoxye thanol 
N-Meth ylfonnamide 
2-Methyl-2,4-penldnediol 
N-Methy~2-pyrrolidone 
1,5-Pentancdiol 
1,2-Propanediol 
1,3-Propanediol 
I-Propanol 
2-Propanol 
Propylene glycol monomethyl ether 
Terraethylene glycol 
‘re trahydro pyran-2-methanol 
2,2’-Thiodiethanol 

0.7855 
0.7781 
1.0112 
1.0003 
1.0122 
0.8973 
1.0946 
1.1153 
0.9504 
0.9860 
1.0170 
0.9470 
1.095 1 
1.0314 
1.0189 
0.9601) 
0.9253 
(I. 7 856 
1.1094 
1.1047 
1.0274 
1.1300 
1.203 
1.1751 
0.958 
1.1053 
0.9334 
0.7877 
0.9599 
0.9999 
0.9186 
1.0282 
0.9877 
1.0326 
1.0498 
0.8005 
0.7815 
0.9193 
1.1211 
1.0229 
1.1784 

A 

x lo-’ 

1.0577 
0.2798 
0.6044 
0.7093 
0.4981 
0.4838 
0.5062 
0.5669 
0.7683 
1.‘349 
1.0335 
0.9 196 
0.9219 
0.7715 
1.0262 
1.2138 
1.1251 
0.7712 
0.3696 
0.4698 
0.9237 
0.1 364 
0.269 1 
0.2718 
0.6819 
0.3614 
1.1643 
0.7902 
1.0685 
0.7 143 
1.1123 
0.9826 
0.4494 
0.7697 
0.4130 
0.3300 
0.6229 
1.1986 
0.7008 
0.7945 
0.0724 

B 
Maximum 
deviation 

Maximiirn 
standard 

error 

x 10-1 

0.0932 
--0.4982 

0.4869 
0.4239 
0.4008 
0.0567 
0.4281 
0.3137 
0.1468 
0.2664 
0.3666 
0.4751 
0.8151 
0.1126 
0.3460 
0.26 10 
0.105 1 

--0.0370 
0.2276 
0. 005 

-0.0655 
--0.1042 

0.0442 
0.1586 
0.2072 
0.2745 
0.8377 
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composite having favorable salt rejections for feeds of 
composition typical of low-salinity natural waters. We 
have since been trying to delineate formation and 
operating conditions for the best performance. We have 
also attempted to  identify porous supports on which 
membranes of adequate performance can be formed, 
and which are cheap enough to be promising for iise in 
practical modules. Additives other than carboxylates 
and hydroiis oxides have also been tried for dynamic 
membrane Formation, although relatively less effort has 
gone into this than in previous years. 

With support by the National Science Foundation 
under the QRNL-NSF Environmental Program, we have 
initiated fundamental studies of dynamic membranes 
and of transport in hyperfiltration through ion ex- 
change membranes, the class to which inost dynamic 
membranes belong. We have also looked in a pre- 
liminary way a t  the technical feasibility of treating by 
hyperfiltration waste solutions generated in the dyeing 
of textiles and in kraft pulp manufacture. 

Hydroirs %r(IV) Oxide- - Po8y:rcryhte Membranes - -  

Formation and Operatirig Variables 

Among the variables investigated were the degree of 
aggregation of hydrous oxide and polyacrylate ad- 
ditives; the concentration of additive and salt and the 
pH of the solution during membrane formation; and the 
pressure, the circulation velocity past the nienibrane, 
the temperature, and the pore size of the support. All 
these influence membrane properties, and their effects 
are fi-equently interdependent. Although much more 
work will be necessary to establish optimum conditions, 
certain trends have become evident; we shall illustrate 
these with two examples. 

In our earlier work with dual-layer membranes, we 
usually made the polyacrylic acid (PAA) addition at pEl 
3 to 4. Recently, higher acidities were tested, and a pH 
about 2 appears to yield membranes of good per- 
formance more reliably. In 5 runs, in which 15 
membranes were formed on 0.22- or 0.45-p supports, 
rejections of 0.05 M NaCl were from 90 to 95% after 
bringing the solution pH to 7 - - 8 .  Fluxes through 12 
membranes were between 100 and 170 gal per square 
foot per day (gpd/ft*); through the other 3, fluxes were 
80 to 100 gpd (950 psig, 35 fps circulation velocity, 
25°C). Although performance in this range has been 
observed on occasion with our earlier procedures, the 
consistency of these results, particularly the high fluxes 
obtained, is impressive. 

The effect of molecular weight of the polyacrylic acid 
is significant. Figure 6.22 sunimarizes hyperfiltration 

properties of membranes having similar histories, in- 
cluding exposure to a typical brackish waier compo.. 
sition, but formed with different polycarboxylic acids 
of nominal molecular weights of 5000 to I O 7 .  Initial 
exposure of the hydrous oxide layer to the organic 
polyelectrolytes was at pH 3. Highest rejections appear 
to be attained when the molecular weight is about 
100,000. 

In Fig. 6.33 of last year's r e p ~ r t , ~  performance of 
dual-layer membranes was shown to be superior to 
siagle-layer polyacrylate membraner in hyperfiltration 
of natural water compositions. Such waters usually 
contain polyvalent counterions [for polyacrylate mern- 
branes, Mg(1I) and Ca(I1) would be most important], 
which, in gencral, affect deleteriously the performance 
of ion exchange membranes. Figure 6.23 indicates that 
the improvements in properties with NaCl feeds at- 
tained by modifications in formation procedures are 
reflected iu performance with natural water compo- 
sitions. In this test, the synthetic Coalinga feed, initially 
about 2000 ppm dissolved solids, was reduced to a 
ninth of its original volunie by discarding product. 
Since solute was lost, primarily because of incomplete 
rejection, final concentrations were only five to seven 
times the initial values. The performance was consid- 
erably better than that reported a year ago flux-es 
were two to four times higher. In another experiment 

CRNL-  DWG. f 1 -  1 Y 4 1  

A 0.45 p Acropor AN 

0 . 0 5 ~  Millipore 
* 0,40~,  Mill ipore 

NOMINAL MOLECULAR WEIGH1 

Fig. 6.22. Hyperfiltration of 0.0.5 N NaCl by dual-layer 
hydrous Zr(1Y) oxide membranes with different molecular 
weight polycarboxylates, after exposure to Coalinga water. 
1000 psig, pII -7, 35 fps. 
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VOLUME CONCENTRATION FAClDR 

Fig. 6.23. Hyperfiltration of Coalinga water by dual-layei 
hyhous Zr(1V) oxide-Acrysol A-3 PAA membranes as a 
function of volume concentration factor. 950 psig, 35 fps, 
25°C. -2 conductivity, A Mg(l1) + Ca(II), G CIA,  11 total anmn. 

with C'oalinga feed, we collected product and subjected 
ii to a second hyperfiltration. Fluxes in the second 
stage wefe about 100 gpd/ft2 for a membrane on 0.22-p 
Millipore and about 125 gpd/ft2 for 0.45-p Acropor; 
these values were about half again as high as in the first 
stage. Rejections were also hgher in the second stage, 
values being 96% o r  higher for chloride, Mg(I1) + Ca(H), 
and total anion. Product of i tie second stage contamed 
less than 25 ppm total dissolved solids. 

Search for Practical Porous Supports 

The experiments so far described were carried out 
with niembraries formed on filter sheets, whose pores 
were usually 0.5 p or less, wrapped around the outside 
of metal tubes having pores usually 5 I* or greater. This 
configuralion provides a well-defined surface for mem- 
brane formation and minimizes pressure drop not 
associated with transport through the membrane and 
fouling layer. It is conceivable that similar supports 
could be developed for practical applications, but costs 
of components and Fabrication make wrapped metal 
tubes unattractive for the immediate future. As mem- 
brane performance improves, the search for supports 

which can be adapted to practice at an early date 
becomes more urgent. 

Two of the mateiials examined in the past year look 
particularly promising. Cal-bon tubes have been used 
previ~us ly .~  Dual-layer membranes on a 6C carbon 
tube, which is more porous than those we previously 
employed, have had iejeclions coniparsble with 
wrapped metal tubes; fluxes are inferior but still 
favorable. Figure 6.24 illUSTrateS properties during 
addition of base, with PAA in the solutlon. Two tubes 
were used in the test, one of which liad the extrusion 
skin machined off.6 Kejections of about 95% for 0.05 
M NaCl were attained at neutral pH, with fluxes of 
about 100 gpd/ft2. The temperature was about 6O"G, 
and the fluxes are estimated to be about twice what 
they would be at  room temperature. Feed velocity past 
the nienibrane was 13 fps, considerably lower than in the 
other tests reported and a value well in the range for 
practical operation. Removal of the extrusion skin 
significantly improved performance. 

We have attained coniparable performance with 
ceramic tubes of about 0.3 1-1 pore size manufactured by 
the FLotronics Division, Selas Corporation. 

Hyperfiitration of Waste Streams 

Figure 6.25 sumtnarizes results in a test of 
Zr(1V)-YAA membranes in processing of waste solutions 
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Fig. 6.24. Formation curves for Zr(1V)-PAA hyperfiltration 
membranes on machined and unmachined SC carbon tubes. 
A c i p ~ l  A-3 PAA, 0.05 M NaCl, 900 psig, -6O*C, 8 fpc. 
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(1400 to 16,000 ppm total solids, 200 to 3000 P t C o  
color units) generated in dyeing of synthetic  fabric^.^ 
'The product was essentially clear and colorless, and a 
large fraction of organic contaminants was removed at 
high production rates. Dual-layer membranes performed 
better in both rejection and flux than a membrane 
foimed of feed constituents simultaneously tested. This 
run was at room temperature. In other experiments at 
the temperalure of the dyeing operation, above 50°C, 
we found that flux was higher, with little, if any, 
penalty in rejection. Purification of waste streams at 
process temperatures would be a substantial advantage 
if product water were to be recycled in the process. 

Waste streanls are generated at several points m the 
kraft pulping process, and we have looked into treat- 
ment of Particularly laige volumes originate in 
the bleaching process, and Fig. 6.26 summarizes per- 
formance in an experiment in which such waste was 
concentrated. The acidity of the solution was too high 
for a polyacrylate layer to be expected to improve 
performance, and a simple hydrous Zr(1v) oxide 
membrane was used. Color and orgiinic carbon were 
largely removed, but chloride rejection was piobably 
too low for recycle of filtrate in a single-stage o p  
eration. Tests and evaluation of our methods for tbis 
and other kraft waste slreams are, tiowever, not 
coniple ted. 
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Fig. 6.26. Rejection and flux vs volume concentration fi!ctor 
in hyperfillration of h a f t  bleach effluent by dynamic hydrous 
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ORGANIC POLYELECTROLYTES FOR 
HYPERFILTRATION TESTS1 

W. 14. Baldwin Neva Hariison C .  E. Higgins 

Polyelectrolytes remain among the organic polymers 
considered for hyperfiltration nietnbraties. At this time 
we are considering three organic polyelectrolytes. 
Cbitosan, poly(glucosamine), is a weak base resulting 
from deacetylation of chitui, poly(N-acetylgliicos- 
anline), which is a naturally occurring component of 
the exoskeleton of some insects and marine animals. 
Chitin is obtained commercially from crab shells. We 
have been able to  cast a self-membrane of chitosati and 
have used acid solutions for the formation of  dynamic 
membranes. 

The controlled sulfonation of polyt'phenylene oxide) 
har yielded polymers of varying exchange capacity that 
have been tested for dyriamic membrane formation. 

Another class of' strong anion exchangers is being 
tested. Polyaminoresins will react wirh some cations 
forming coordination compounds analogous to the 
simpler adducts such as C U O \ J H ~ ) ~ ~ +  and CU(NNN,)~ '+. 
The resulting complexes are highly ionized salts that we 
are incorporating into polymers for evaluation in 
hyperfilm Lion. 

Chitosan Membrane 

Chitosan, a weak base, is soluble in aqueous acid and 
in glacial acetic acid solution. We have been :ible to cast 
a self-membrane from glacial acetic acid on glass plates. 
Although the film th:it remained after drying adhered 
firndy to  the plate, it could be detached by soaking the 
plate and film in sodium hydroxide solution. 
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Rejection of sodium chloride from 0.05 M NaCl at 
1500 psi was 30 to 40% with fluxes around 5 gpd/ft*. 
These observations were made at pH 7.6 and at 10.3; at 
pH 3 .O the inembrane dissolved. Dynamic membranes 
formed in situ by deposition from solution of pI1 4 
showed higher fluxes but much lower rejections. 

Sulfonation of I'oly(Phenylene Oxide) 

Rejections of sodium chloride by hyperfiltration 
through cast poly(pheny1ene oxide sodium sulfonate), 
SPPO, membranes' have been encouraging enough for 
us to test SPPO as a dynamic membrane. Poly(phen- 
ylene oxide) in chloroform at --4O"C was treated with 
chlorosulfonic acid. "The product, resulting from evapo- 
ration of solvent, was washed with ether and was found 
to  contain up to 5.7 nieq o f  ion exchange capacity per 
grain of dry solid, depending upon the amount of 
chlorosulfonic acid used. Alcohol that is present in 
reagent-grade chloroform as a preservative will react 
with chlorosulfonic acid at the expense of product. 
Plummer, Kimura, and La Conti' chose to add extra 
chlorosulfonic acid to react with the alcohol, but we 
elected to wash the alcohol from the chloroform with 
water and to  dry the chloroform batchwise with 
calcium chloride, and, for final drying, passage through 
a column of Drierite. 

Polymers with desirably high exchange capacities also 
contained sufficient cross-linking to be insoluble in 
water and did not provide satisfactory material for 
dynamically formed hyperfiltration membranes. We are 
continuing tests to overcome these problems of cross- 
linking and membrane formation. 

Insolubilized PEl Polymers 

Poly(ethy1ene imine) prepared from aziridine 

CH' -CH* 

r-1 
\NI 

by ring cleavage and addition contains ihe repeating 
unit 

where the nitrogen is distributed in the ratio of one 
primary to  two secondaiy to one tertiary amine group. 
The homopolymer is water soluble and is a weak base. 
The amine groups may undergo further reactions that 
are typical of amines, such as alkylation and acylation. 
The usual polyfunctional reagents such as a,w-dihalo- 

hydrocarbons, diesters, or diacyl halides have been 
employed to cross-link PEI and thus render it insoluble. 
We have found a new method for insolubilizing PEI. 
Amines when heated with methyl acrylate react in two 
ways: the usual acylation of amine to amide and the 
addition of another amine molecule to the conjugated 
double bond. 

2R2NH + CH2 = CHCOOMe + 

The advantages of this reaction include low cost 
(methyl acrylate is cheap), low ternperaturc of reaction 
(refluxing methanol), the mixture of reagents is stable 
at room temperature, reaction takes place only on 
heating, and ease of isolation and purification. 

The repeating unit can also be considered to be a 
substituted ethylene diamine, 

the ligand that has been used so successfully to prepare 
chelates of transition metals. In fact, the chelated 
derivatives of some metals with insolubilized PEl have 
been studied3 as anion exchange resins, but certain 
obvious advantages of these have been overlooked: in 
the chelated polymer the metal-nitrogen cation is a 
strong polyvalent base. We will continue studies of 
these polymers. 

. .... . . 

1. Research jointly sponsored by the ORNL-NSF Environ- 
menta1 Program and by the U.S. Atomic Energy Commission 
under IJnion Carbide Corporation's contract with the U.S. 
Atomic b:nergy Commi~sion. 
2. C. W .  Plurnmer, G .  Kimura, and A. €3. LaConti, Devebp-  

merit of Sulfonated Poly(Pherzy1ene Oxide) Membranes for 
Reverse Osrriosis, OSW Research and Devcloprnent Progress 
Report No. 551 (1970). 

3 .  S. Nonogaki, S.  Makishirna, and Y .  Yoneda, J. Phyx Chem. 
62,601 (1958). 

SOME REMARKS ON THE INTEGRATION OF THE 

THE HYPERFILTRATION OF ~ U ~ T ~ ~ ~ ~ ~ ~ ~ ~ N ~  
SOLUTIONS' 

Lawrence Uresner 

NERNST-PLANCK EQLJATIONS IN 

Schlogl,* among others, has described ionic transport 
in ion exchange membranes using an extension of the 
Nernst-Planck equations that includes convection. 
These extended Nernst-Planck equations (ENPE) are 
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attractive candidates for a phenomenological descrip- 
tion of ionic transport in membranes. They take into 
account the three main mechanisms of ionic transport 
in membranes - diffusion, migration in an electric field, 
and convection - while neglecting the coniplicated and 
largely unknown de tails of short-range ion-ion inter- 
action. (ions do have long-range interactions through 
the electric field.) In spite of their simplicity from the 
physical point of view, the ENPE are hghly compli- 
cated from a mathematical point of view because they 
are nonlinear. Thus in trying to decide just how well 
they describe ionic transport, we ace faced with the 
difficult problem of solving them or a t  least of getting 
information about their solutions. 

I studied a slightly more general form of the ENPE 
than that used by Schlogl. Schliigl treated the water-ion 
interaction by assuming the ions acted as though they 
were dissolved in the water in the membrane. He took 
the convective contribution to  the transport velocity of 
the ions to  be that of the water. I have allowed for a 
difference in these two velocities by introducing a 
convective coupling coefficient for each ion, defined as 
the ratio of the convective part of the ionic transport 
velocity to the water flow velocity. The convective 
coupling coefficients are phenomenological coefficients 
that lake into account differences in the ion-membrane 
and water-membrane interactions. 

For the purposes of simplifying his investigations, 
Scldogl took all activity coefficients equal to unity. I 
restrict myself i n  this regard, too, but not as severely. I 
take each activity coefficient to be constant in each 
phase, but permit it to  change across phase boundaries. 

The orily problem of hyperfiltration for which a 
solution o f  the ENPE in terms of elementary functions 
is known is the hyperfiltration of two-component 
solutions (water plus one binary electr~lyte).'-~ The 
ENYE may always be dealt with by finite differences, 
but this i s  time consuming and laborious; furthermore, 
numerical treatments often fail to reveal in an obvious 
way important general properties. Several approximate 
methods of handling the ENPE have been suggested, 
but all have serious shortcomjngs as indicated in ;I 

detailed discussion in the paper on which this summary 
is based .' 

A new method of obtaiJllIlg from the ENYE the 
nsymptutic rejections of the solutes in a multi- 
component solution is employed in this work. The new 
method rests on the assumption of good coion ex- 
clusion. In hyperfiltration this assumption does not 
impose a serious restriction since the most interesting 
situations are those in which there is good coion 
exclusion. Results obtained with the new method 

compare well with exact results oblained by finite 
differences. The new method has the advantage of 
requiring only a modest amount of calculation, even 
when several ions are present. 

The new method has uncovered some inheresting 
circumstances, hitherto unnoticed, undei which neg- 
ative rejection of  a solute may occur. In the limit of 
asymptotic rejections (high permeation rates), only one 
counterion accompanies the coions through the mem- 
brane, the one with the laigest ratio of convective 
coupling coefficient to practical mobility (penetrating 
counterion). All other counterions are completely 
rejected. (It should be remembered that this conclusion 
is based on an approximate iniegration of the ENPE; in 
actuality we might expect that the rejection of other 
counterions would be close to 100% and that the colons 
would be accompanied mostly by the penetrating 
counterion. Finite difference calculations have borne 
this out.) If the concentration of the penetrating 
countelion is low enough in the feed, the filtrate may 
be more concentrated in it than h e  feed (negative 
rejection). 

Although the diffusion and convective coupling co- 
efficients of ions in membranes are not yet known, it i s  
reasonable to :issume that the proton is more mobile 
than any other cation. K. €3. Bevan has observed 
negative rejections of Na' A t  low concentration in 
solutions -0.05 ~ t l  in acid with both dynamic and 
detachable membranes. Most striking was with a pre- 
fabricated ion exchange membrane (M4F CC-60). For 
example, in solutions of NaCI i n  0.05 M I K 1 ,  negative 
rejection of Na' IS observed at Na* concentrations 
below 3 X M (e.g., -1 10% at lo-' M Na'). In 
solutions of NaN03-0.05 M f iN03,  again usmg the 
AMF CC-60, negative rejection of Na' of 400% was 
observed at Na' = M. In other cases in which 
negative iejection of  the less mobile of two counterions 
would be expecled, I t  was not observed. For example, 
in the systems MgC12-0.01 M KCL and Mg(N03)>- 
0.0 1 M f i N 0 3 ,  negative rejection of Mg'' was predicted 
but not observed using either dynamically formed 
polystyrene sulfonate membranes or the AMF; mem- 
brane. 

1. Research jointly sponsored by the ORNL-NSF Environ- 
mental Program and by the Office of Saline Water, U S .  
Department o f  the Interior, under Union Carbide Corporation's 
contract with the U S .  Atomic Energy Commission. Submitted 
for publication to Desalimtion. 

2. R. SchlGgl, Stofftransport durch Membrunen, Dr. Dietrich 
Steinkopff Vcrlag, Darrnstadt, 1964. 

3 .  R. Schlbgl, Der. Butzsenges. Phys. Chem. 70,  400 (1966). 
4. E. Hoffer and 0. Kedem, Dewlitintion 2, 25 (1967). 
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GEOMETRIC EFFECTS IN PIEZODIALYSIS 
THROUGH CHARGE-MOSAIC MEMBRANES 

Lawrence Dresner 

Charge-mesaic membranes are made up of alternating 
patches of anion and cation exchangers. When such a 
membrane is placed in a hyperfiltration cell, the 
permeate may be enriched in salt compared with the 

This process has been called piezodialysis. If 
the salt enrichment of the permeate were great enough, 
piezodialysis could represent an interesting membrane 
process for the desalination of brackish water. 

Piezodialysis is one of many possible processes in- 
volving transport through composite membranes, that 
is, membranes made of patches of different materials. 
An elaborate general theory of such membranes has 
been given by Kedem and Katchalsky,’ but it ignores 
geometric effects arising from the heterogeneity of the 
membrane. ‘These geometric effects arise because the 
ions being transported through different patches of 
metnbrane leave the feed bath at different points and 
also arrive in the permeate bath at different points. In 
the theory of Kedem and Katchalsky, this "mixing"- 
“unmixing” is treated as though it takes place instanta- 
neously, whereas in fact it does not. In the work on 
which this summary is based,’ an explicit but highly 
schematic theory of the effect of the geometric 
heterogeneity of charge-mosaic membranes on piezo- 
dialysis is given. The effect is always to  reduce the salt 
flux through the membrane. The factor of reduction, E ,  

has been calculated for two geometric arrangements of 
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Fig. 6.27. The factor of reduction, E, for the strip and 

h u (a + u p )  

2nl U*Uf 
checkerboard membranes, CY = - ’ , where h is the 

width of an ion exchange strip or the side of an ion exchange 
square, I is the membrane half thickness, om is the membrane 
conductivity, u is the conductivity of the permeate, and C J ~  is 
the conductivity of the feed. 

P 

the parts of the mosaic membrane, namely, alternating 
strips and a checkerboard of squares (see Fig. 6.27). 
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SS-FLOW FILTRATION OF SEWAGE 
EFFLUENTS 

H. A. Mahlman K. A. Kraus* W. G. Sisson3 

In hyperfiltration, maintaining a flow of the stream to 
be treated past the membrane surface is necessary to 
control concentration polarization. It also inhibits 
fouling of the membrane surface. A cross flow may also 
be helpful in ordinary filtration of  particulates and in 
ultrafiltration of colloids by limiting the rate of filter 
cake thickening and consequent flux decline. For the 
past year, we have been investigating this technique for 
filtration of primary sewage effluent after treatment 
with a clarifying agent (a salt of a hydrolyzable 
inorganic ion) and/or powdered cai-bon. 

Cross-flow velocity indeed aids the maintenance of 
product flux, at least in short-term operation, as Fig. 
6.28 indicates. The filtering surface was a fire-hose 
jacket slipped over a perforated metal tube. Sewage 
effluent., treated with an Fe(II1) salt, is pumped through 
an annulus between the jacket and a transparent outer 
jacket. Fluxes are higher at higher circulation velocities. 

However, cross-flow velocity is not the only factor; 
there are materials in sewage which tend to form 
low-flux membranes dynarni~ally.~ These need to  be 
made inoperative. Figure 6.29 compares performance at 
different levels of Fe(1II) additive with internal and 
external flow past the filter and indicates the amelio- 
rating effects of the clarifying agent; both flux and 
organic carbon removal improve with ferric ion addi- 
tion. 

Although these results demonstrate that flux decline 
in filtration can be to some extent controlled by 
circulation velocity and additive, regeneration of the 
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Fig. 6.29. Effect of Fe(II1) concentration on cro&-flow filtration of effluent from primaq- treatment of municipal sewage. 
Conditions: 50 psi, I5 fps. Feed inside, o; outside, A. 

fillers will probably be necessaiy. Chemical tieatment, 
electrical pulses, or backwashing by reversal of pressure 
are possible methods for regeneration. At present 
backwashing seems the most promising approach; Fig. 
6.30 illustrates flux recovery by this technique. In other 
experiments, fine-mesh screens appeared to be regen- 
erated more effectively than fire-hose jackets. 

?'he purification of primary sewage by cross-flow 
filtration using additives under the better operating 
conditions so fa1 delineated i s  comparable with that by 
combined conventional secondary and tertiary treat- 
ment. Turbidity o f  filtrate is about that of tap water, 
organic carbon content about 10 ppm, arid phosphate 

less than 1 pprti. Longer-term tests carried out in a 
mobile unit a t  an Oak Ridge sewage plant have 
confirmed the results of the short-term tests described 
heie. Problems which must be overcome to bring the 
technique into full-scale operation have been better 
de fined I 

1. Research sponsored by the Water Quality Office of the 
Environmental Protection Agency under Union Carbide Cor- 
poralion's contract with the US. Atomic Energy Commission. 

2. Director's Division. 
3 .  Chemical Technology Division. 
4 .  8. C. Savage e t  al., Wuler Sewage Works 116, 102 (1969). 
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MOLTEN SALTS AND REZATEV) 
NONAQUEOUS SYSTEMS 

A REFERENCE ELECTRODE SYSTEM FOR USE 
IN FLUBRIDE MELTS 

11. K. Bronstein 

A knowledge of the chemical and thermodynamic 
properties of molten fluoride rnixtures is of great 
importance to the technology of molten-salt power 
reactors. The measurement of equilibrium potentials of 
galvanic cells is in principle one of the most direct 
means of obtaining much of thin information. However, 
as an example, the galvanic cell 

though yielding excellent results, illustrated the dif- 
ficulties in the use of the Pt, H, (g), I-IF (g),lF- 
reference electrode.’ A new reference electrode system 
was developed3 ’ in an attempt to provide a more 
versatile and convenient reference electrode (Pig. 6.3 1). 
The electrical potential is poised by the couple Ni(NiF,- 

saturated melt mole fractioli in LiF-BeF, (67-33 
mole %)I. The single-crystal LaF,, by means of its 
mobile fluoride ion (virtually 100% F-  ion transport), 
provides the exclusive ionic transport between the 
reference melt and the test melt. 

Further study of the galvanic cell comprised of this 
reference electrode system and the half-cell BelLiF- 
BeF, (67-33 mole ”/.) led to findings believed to be of 
considerable interest and significance. 

Deterioration of the initial cell voltage with time ;IS 

reported previouslyS now has been found to be caused 
by the depletion of the small NiF2 content of the 
reference half-cell through its conversion into an equiva- 
lent amount of finely dispersed nickel metal. An 
impurity in the static atmosphere of highly purified 
argon or helium gas maintained in the quite-limited 
volume of the appaiatus could not be responsible for 
the consumption of Nil?,. Subsequent experiments 
established the actual mechanism involved. 

The potential deteriorated even with all external 
measuring circuits disconnected. Loss of NiF, due to 
beryllium metal transport in the vapor phase was ruled 
out since beryllium has no measurable vapor pressure at 
600°C. It was concluded that an iilternnl “short” in the 
cell supplied the electrons for NiF2 + 2e- + Nio + 2F -. . 
Obviously, beryllium, the only reductant present, 
reached the NiF, in some manner. This required not 
only transport through the salt melt, either by dis- 

OWNL-DWG, ‘71-2238 

Ni  +!?IT 

Fig. 6.3 1. BrORStein-haanning reference-electrode system for 
use in fluoride melts. 



151 

solution or by the svcdled “chunking e f f e ~ t , ” ~ > ~  but 
also electron transport through the LaF3. The beryl- 
lium arriving at or in the nickel frit would act as 
metallic beryllium if the “chunking effect” were valid 
or, if dissolved, perhaps as a subvalent Be+ or Be2’+ ion. 
This would be followed by transport of the electrons 
from these species through the LaF, and thence by the 
reaction 2e- + NiZ+ -+ Nio , with equivalent fIuoride 
ions moving in the opposite direction. The overall 
reaction is then simply Be + NiF, (from the electrodes) 
to give nickel metal in the LaF, cup and beryllium 
fluoride in the main melt. 

A series of experiments was conducted to verify this 
mechanism. First, a berylliurn electrode was mounted 
through an inverted Be0 crucible. Since solid beryllium 
tnetal is less dense than the tnelt, any solid metal 
detached from the electrode by “chunking” would rise 
to, arid be trapped at, the melt surface wittiin the 
crucible. Dissolved metal, on the other hand, would still 
reach the reference electrode. The observation was that 
under these conditions the NiF, in the LaF, cup was 
still transformed into Ni metal. 

Second, with the same crucible-encapsuled beryllium 
electrode, the reference electrode assembly was modi- 
fied by cutting the I S 3  crystal below the cup portion 
and placing a thin disk of CaF, ‘ I l h  in. thick between 
the two portions of the LaF3. It was believed that i tie 
CaF, crystal would perhaps have slight or no electronic 
conduction and so act as a filter of electrons. This cell 
maintained the theoretical voltage for a period five 
times longer than the single-crystal LaF3 before onset 
of deterioration. The CaF, apparently had some small 
intrinsic electronic conductarice. 

A third aric! definit,ive experiment w3s made with the 
original reference electrode assembly (Fig. 6.3 1). To the 
main melt NiFz was added as a “getter” for dissolved 
beryllium. The beryllium electrode was immersed in 
pure LiF-BeF, melt, contained in, and separated from 
the main melt by, a Be0 crucible whose porosity 
allowed ion migration. Any dissolved metal entering the 
main melt is immediately oxidized by the Ni2+ ions. By 
this means the theoreticjl cell potential was maintained 
for a period of three days. Termination of the experi- 
ment apparently was caused by loss of ion migration 
through the Be0 crucible walls, which had become 

The voltage recorded in  all these cells before onset of 
deterioration was 2.045 k 0.003 V. According to the 
compilation of BaesX for the free energy of  fortnation 
of NiF, and of ReF, in BeF,-LiF (33-67 mole %), thrs 
cell should yield 2.041 k 0.003 V at 600°C. 

These experiments have established that beryllium 
does dissolve in the LiF-BeF, (67-33 mole %) melt to 

’ plugged by the deposition of nickel metal. 

some small undetermined extent and that, somewhat 
surprisingly, the conductance in LaF, has a small 
electronic component. 

The results of these experitnetits when compared with 
those of the U4+/U3+ system,’ where no reduction of 
NiFz occurs, suggest a reaction of the LaF, crystal with 
the Be-BeF, -LiF melt leading to t!ie formation of some 
lanthanum metal, according to 

31k (dissolved t 2LaF, = 
in LiF-BeF, melt) 

3BeF, 
(LF-BeF, ) 

+ 2 x 2  (in LaF3) . 

Calculation of the activity of lanthanum from the free 
eiiergies of formation o f  h F 3  and of ReF, in LiF-BeF, 
(67-33 mole %) gives a value of This activity of 
lanthanum would contribute an wtype electronic con- 
duction to the LaF3 crystal.“’ While this electronic 
conduction initially is low enough not to affect the 
measured voltage of the wll, its magnitude seems to 
increase with lime, as reflected in the steady decrease in 
the measured voltage. The electronic conduction causes 
eventually the complete reduction of the NiF,. The 
formation of lanthanum from the U4+/U3+ couple is 
virtually nonexistent ([La1 = as would be 
expected since the free energy per equivalent is much 
less riegat.ive than the BelBeF, couple. 

With t h s  knowledge, the technique described will be 
employed to obtain reliable thermodynamic data on a 
variety of systena of interest. 

The validity of the value for the free energy of 
formation, AGq, of NiF, , our standard, is of interest. 
We consider the following solid-state cells: I ‘ I 

Electromotive force 
(V) at 600°C 

-1.720 -f 0.003 (1) 

-2.333 t 0.003 (2) 

+0.310 t 0.005 (3) 

I’l1,ThF.q IC$? IAIF3 ,A1 +0.311) +_ 0.003 (4) 

Th,ThF4 /CaFz lNiFz ,Ni + I  .980 ? 0.005 ( 5 )  

Combination of cells 1 and 2 dnd of cells 3 and 4 yields 
emf values for the cell Mg,MgF2 ICaF, IAlF3 ,Al. The 
ernf from cells 1 and 2 (NilNiFz electrode) IS +Oh23 V, 
in good agreement with the value t0.620 V from cells 3 
and 4 (ThI’ThF4 electrode). Furthermore, these values 
agree satisfactorily with the value calculated from 
calorimetric data‘ for the reactton 
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using free energies of formation at 600°C: MgF,, 
AC.f = -232.4 * 0.6 kcal and AlF,, AGOf == ---306.5 t 
0.7 kcal. 

AGO .= '/3(-306.5 k 0.7 kcal) 

- '/,(-232.4 f 0.6 kcal) = +14.0 tr 0.5 kcal ~ 

which is equivalent to  +Oh08 k 0.022 V for the cell 

Mg, MgF, (CaF, IAIF, , A1 . 

It is obvious that the emf of the NilNiF, couple of cells 
1 and 2 was very reproducible. Qn using the above value 
of AGY for MgFz and ---2.343 V from cell 2, AGY for 
NiF, at 600°C is -124.3 kcal, equivalent to 2.694 V. 
From data of B a q 8  Blood," and this investigation, 
one obtains 2.692 V. 

'The emf of cell 2, -2.343 k 0.003 V, is in poor 
ageement with -2.290 k 0.01 V from combining cells 
3 and 5. No obvious reason is apparent as to why the 
results of cell 5, ref. 13, may be in error. 

1. A portion of this work will appear in MSR Program 
Semiannu. Progr. Rep. Feb. 28, 1971, ORNL-4676. 

2. B.  F. Hitch and C. F. Baes, Jr., Inorg. Chem. 8, 201 
(1969); B. F. Hitch and C. F. Baes, Jr., MSR Program Semi- 
nnnu. Progr. Rep. Aug. 31, 1968, ORNL-4344, p. 157. 

3.  H. R. Bronstcin and D. I,. Maiming, MSR Program 
Monthly Rep. December 1969 and .January 1970, MSR-70-10, 
p. 28 (internal memorandum). 

4. D. L. Manning and H. R. Bronstein, MSR Program 
Semiannu. Progr. Rep. Feb. 28, 1570, ORNL-4548, p. 184. 

5. H. R. Bronstein, Chem Diu. Annu. Prop.  Rep. May 20, 

6 .  The Encyclopedia of Electrochemistry. ed. by C .  A. 
Hainpel, pp. 44-51, Reinhold, New York, 1964. 

7. H. Aida, J. .4pelboin, and M .  Gaireau,.J. Electrochem. Soc. 
118,243 (1971). 

8.  C. I-. Baes, Jr . ,  Nuclear Metallurgy, vol. 15, AIME 
Symposium on Reprocessing of Nuclear. Fitelr, pp. 615-44 
(1969). 

9. D. L. Manning, MSR Program Semiunriu. Pmgr. Rep. Aiig. 
31, 1970, ORNL-4622, p. 115. 

10. C. Wagner,J. Electrochem SOC. 115, 933 (1968). 

11. T. L. Markin, R. J. Bones, and V. J .  Wheeler, Proc. Brit. 
Ceram Soc. 8 ,  51 (1967); T. L. Markin, p. 91 inEleclfomotive 
Force Measurements in High Temperature Systems, Proceedings 
of a Symposium, Imperial College, London, ed. by C. B. Alcock, 
April 1967. 

12. N. F. Lofgren and E. J. Mclver, UKAEA report AERE-R- 
5169 (1966). 

13. R. J. Heus and J .  J .  Egan, Z.  Phys. Chem. (Frari.kfurt am 
Main) 49, 38 (1966). 

14. E. Kudziiis, H. M. Fedcr, and W. N.Hubbard, .I. Phys. 
Chem 65, 2978 (1964). 

15. C. M. Blood, private communication, September 1961. 

1970, ORNL-4581, p. 119. 

GY OF FCPRMA'FIBN OF LAN'FNANIDE 
HALIDES 

A. S. Dworkin 

The free energy of formation of a compound at 
elevated temperatures is frequently calculated from 
thermochemical data since this information is usually 
easier to obtain than errif and reaction equilibria data. 
This thermochemical method entails the measurement 
of the roorn-temperature heat of formation, the en- 
tropy derived from low-temperature heat capacities, 
and high-temperature enthalpies. The free-energy vdues 
for the lanthanide halides which now appear in the 
literature are for the most part derived from a confused 
tangle of estimates, contradictory measured data, incon- 
sistent standard states, and errors resulting from trans- 
posing from one collection of data to another. In 
connection with our previous measurement of the 
high-ternperature enthalpies of the lanthanide halides 
and our proposed measurements of their low-tem- 
perature heat capacities, we have made a critical 
assessment of the literature in order to determine the 
best sources of data now available for free-energy 
calculations. 

We conclude that none of the free-energy compila- 
tions in current use gives reliable values for the 
lanthanide halides. However, the literature now con- 
tains more of the thermochemical data necessary to  
calculate these free energies of formation than those 
used in the compilations. However, the lowtemperature 
heat capacities of the lanthanide halides (with the 
exception of CeF,) remain unmeasured. There are also 
no measured room-temperature heats of formation for 
the lanthanide bromides, while those for the iodides are 
questionable. 

Our high-temperature enthalpy nieasurements of lan- 
thanide halides' indicate the possibility of hitherto 
unpredicted structure-dependent differences in their 
room-temperature entropies. We propose to measure 
lowtemperature heat capacities beginning with selected 
lanthaiiide chlorides to clarify this point, as well as to  
obtain the necessary data to generate a reliable free- 
energy compilation. We will then extend the measure- 
ments to  the fluorides, bromides, and iodides. If 
necessary at that time, we will begin measurements of 
room-temperature heats of formation of the lanthanide 
bromides and iodides. 

1. A. S. Dworkin and M. A. Bredig, High Temp. Sei" 3 ,  81 
(1971). 



153 

ENTHALPY OF URANIUM TETRAFLUOMDE 
FROM 298 TO 1400°K: 

ENTHALPY AND ENTROPY OF FUSION' 

A. S. Dworkin 

The high-temperature thermochemical behavior of 
UF4 described in the literature is open to  some 
question. King and Christensen' have reported the 
surpnsingly low values for the enthalpy and entropy of 
melting for UF4 of 10.2 kcal and 7.7 eu respectively. 
These values, however, were derived from high- 
temperature enthalpy measurements which included 
only two points in the liquid region slightly above the 
melting temperature. The low enthalpy of fusion, then, 
could possibly be the result of a low value for the 
enthalpy of liquid UF4. On the other hand, Khripin and 
co-workers, employing differential thermal analysis, 
have reported a polymorphic solid transition in UF4 
about 200" below it$ melting point with an enthalpy of 
transition of about 3.4 kcal. They claim this to be the 
reason for the low entropy of melting. However, neither 
the calorimetric study' nor the many reported phase 
diagrams involving UF, have shown any indication of 
such a transition. A recent DTA study by Gilpatrick' 
also failed to show the transition. We have, therefore, 
remeasured the enthalpy of UF4 from room tempera- 
ture up into the liquid phase with our copper block 
drop calorimeter in an attempt to clarify this matter. 

The UF4 was sealed in an inner nickel liner to  prevent 
attack on the Inconel capsules especially designed for 
our enthalpy measurements. Platinum was not used 
because King and Christensen' reported that their 
platinum-rhodium capsules leaked due to attack by 

The following equations represent our measured 
11quid UF4. 

enthalpy data for UF4 in calorles per mole: 

H, H298 -9650 + 29.53T 

+ 1.15 X + 2.21 X lo5 T-' (298--1309"K), 

meltiiig point. Our enthalpy values for the liquid are a 
little more than 1% higher than those in ref. 2 .  The fact 
that our enthalpy for the solid does not increase as 
rapidly just below the melting point and is somewhat 
higher in the liquid than in ref. 2 leads to  an enthalpy 
of melting somewhat but not significantly (i.e., about 1 
kcal) higher than that found by King and Christensen. 

Our results give no indication of a transition. Khripin 
and co-workers report this transition in studies of the 
UF4-UCI, ,6 UF4-UOz ,7 and UF4-UF38 systems, but it 
has not been reported by any other investigators with 
the exception of Nekrasova et aL9 in a study of the 
UF4-CaF2 system. However, they report the transition 
temperature to be 910°C (about 70" higher than that 
reported by Khripin), which is almost identical with the 
eutectic temperature reported for the UF4 -U02 sys- 
tern7 and is almost certainly due to oxygen impurity in 
the UF, used in ref. 9. Althougli Klrripin e t  al. 
eliminate oxygen as a cause for their ohseivation of a 
halt at about 840"C, they say nothing about cation 
impurities. It is of interest to note in this connection 
that the eutectic halt in the UF4-CaF.2 system' was 
found at 843°C. 

Table 6.12 shows a comparison of the entropies for 
the isostructural (monoclinic) compounds ZrF, , UF4, 
and ThF4. The entropy of melting for ZrF4 of  12.7 eu 
is considerably larger than that of 8.6 eu for UF4. 
However, the absolute entropy of UF4 at 140O0K is 
larger than that for ZrFd by about 7 eu. This is 
approxinia tely what would be expected considering the 
differences in size, tnass, and magnetic characteristics of 
the cations. 

An attempt was also nlade to measure the enthalpy of 
fusion of ThF4. However, experimental difficulties 
were encountered, and the measurements were termi- 
nated. Enough qualitative data were obtained, however, 

Table 6.1 2. Comparison of entropies of ZrF4, UF4, and ThF4 

Entropy (eu/mok) 

AHfusion = 11,230 cal/mole ; 

AS fusion = 8.6 eu ( I  309°K) , 

13, - HZ98 = -9420 + 39.57T(130Y-14OO0K). 

Our enthalpy values are in fair agreement with those 
of King and Christensen.' They are about 1% higher 
from room temperature to  about 900°K; they agree 
within a few tenths of a percent from 900°K to about 
1200°K and are about 1% lower from there to the 

TM (degK) h y ~  s"298 SO1400 p A y ~ Y . 9  s0i400 

.... 

ZrFJ 1205 12.7' 25.0b 59.7c 84.7 

UF4 1309 8.6 36.@ 56.0 92.3 

ThF4 1383 34.0= 
~ -_ 

'Kc.ference 10. 
bKefwenw I 1. 
'Calculated from ref. 10. 
dKeiixence 12. 
eReference 13. 
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to indicate that, as expected, the fusion behavior of 
ThF4 approximates that of UF4 rather than that of 
ZrF4. No further enthalpy measurements of ThF, are 
planned with our present apparatus. 

1. 'This woxk also has been reported in the MSR Program 
Semiannu. h o g .  Rep. Feb. 28, 1 9  71, ORNL-4676. 

2. E. G.  King and A. U. Christensen, U.S. Bur. Mines Rep. 
Inupst .  5909 (196 1). 

3. L. A. Khripin, Y .  V. Gagadnski, and L. A. Lukyanova, Izv. 
Sib. O f d  Akad. Nauk SSSR, Ser. Khim. Nauk No. 3 ( l ) ,  14 
(1965). 

4. R. E. Thoma, ed., Phase D&i-ams of Nuclear Reactor 
Mater$!r, ORNL-2548 (1959). 

5 .  L. 0. Gilpatrick, MSR Progam Semiannu. Prop. Rep. 
Feb. 28, 1970, ORNL-4548, p. 148. 

6. 1,. A. Khripin et al., At .  Energ. 19,437 (1965). 

7. L. A. Khripin and I,. A. Lukyanova, Izv.  Sib. Otd Akad. 
NuukSSSR, Ser. Khim Nauk No. 3 ( l ) ,  131 (1966). 

8. L. A. Khripin, S. A. Poduiova, and G .  M. Zadneprovskii, 
Russ. J. Inwg Chenr 13(10), 1439 (1968). 

9. N. P. Nekresova et al., At .  Energ. 22 ,  293 (1967). 

10. R. A. McDonald, G.  C. Sinke, and D. R. Stull, J. Chem 

11.  E. F. Westrum, Jr.,J. Chem. Eng. Datu 10, 140 (1965). 

12. J .  H .  Rums, D. W. Oshorne, and E. F. Westrum, Jr., J. 

13. H. K. Eahr, D. W .  Oshorne, and E. F. Westrum, Jr., J.  

Eng. Data 7 ,83  (1962). 

Chem. Phys. 3 3 ,  387 (1960). 

Amer. Chem SOC. 76,3837 (1954). 

ENTHALPY OF LITHIUM FLU0 
'FROM 298 TO 700°K: EN'TMALPY 

AND ENTROPY OF FUSION 

A. S. Dworkin 

We have examined the effect of the differences in 
structure and cation size on the enthalpy and entropy 
of fusion and transition in the alkali fluoroborates 
sodium through cesium. ' Lithium fluoroborate, with its 
niuch snialler cation, differs from the other fluoro- 
borates in that it has at room temperatinre a hexagonal 

structure type, probably that of Si02 o2 One recent 
paper3 reports that there is no transition in LiRF, 
between room tempcrature and the melting point, while 
another4 reports a transition at about 115°C. We, 
therefore, have measured the enthalpy of LBF4 from 
room temperature to about 4Q" above its melting 
temperature to  complete our thermochemical studies of 
the alkali metal fluoroborates. 

We found no evidence for a transition either in the 
enthalpy measurements or in a separate thermal analysis 
experiment. L i W 4  i s  hygroscopic and must be handled 
in a dry, inert atmosphere as it was in our work and in 
that of ref. 3 .  However, this was not the case in the 
work reported in ref. 4, where in fact the LiBF4 was 
groimd to a fine powder in the open and even heated in 
an open system for the differential thermal analysis 
experiine nts. 

The following equations rep resent our measured 
enthalpy data for LiBF4 in calories per mole: 

HT-13298 =-11,570+ 32.02T 

+1.19 X 1 0 - 3 p  + 5.72 X 1 0 5 Y '  (298-577"K), 

Alifusion = 3550 cal/xnoIe ; 

Sfusion = 6.16 eu (577"K), 

H, - 11298 = -1 1,300 -+ 4Q.1T(577-700°K). 

Table 6.13 compares the enthalpies and entropies of 
fusioii and transition for the alkali imtal fluoroborates. 
The high-temperature forms of the fluoroborates of 
sodium through cesium acquire considerable entropy at 
the transition temperature, probably due to anionic 
rotational or librational disorder.' Their entropy of 
melting, therefore, is lower than that for LibF,, 
although the sum of the entropy of transition and 
melting (ASrn f AS,,) is higher than that for LiSF,. 
NaBF,, differs in both high- and low-temperature 
structure from the other fluoroborates as well as from 

Table 6.13. Heats and entropies of melting and &ansition of alkali metal fluoroborates 
____ .... ____.____ .......... __ __ ......... __ ....... __ 

~ ....... ..... 

TI11 AHrn AS,,, I'tr *Ntr *,Ytr ASm + ASt, 
(kcal/mole) (eulmole) (" K) (kcal/ mole) (eu/ mole) (eu/mole) 

-____ __ .... ___ .... ~ .......... __._____ ..... (" K) 
-. .. ......... 

LiBF4 577 3.55 6.16 6.2 

N d F 4  679 3.25 4.78 516 1.61 3.1 '7.9 

KBF4 843 4.30 5.10 556 3.30 5.9 11.0 

RhBF4 855 4.68 5.5 518 2.86 5.5 11.0 

CsBF4 828 4.58 5.5 443 1.94 4.4 9.9 
~ ......... ... ~ ........ 
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LiBF4. This is reflected in its intermediate value for 
ATm +- AS,,. The different structure, lack of transition, 
and lower AT, + AS,, for LiBF4 most likely niay be 
attributed to the small size of the lithium ion. 

1. A.  S. Dworkrn and M .  A. Bredig, J. Chem. Eng. Data 15, 

2. G. Brunton, private cornrnutiication, J 97 1 .  

3 .  S. Cantor, I). P. McDermott, and L. 0. Gilpatrick, J. 

4. R. J. Marano and E. R. Shuster, Thlrnnochirnlca Acta 1, 

505 (1970). 

L'htvn. Phys. 52, 4600 (1970). 

521 (1970). 

HIGH-TEMPERATURE CRYSTAL CHEMISTRY 
OF TETRAFLUOROBORATES AND 

STRUCTURALLY RELATED COMPOUNDS ' 
M. A. Bredig 

After construction o f  a simple heating attachment to 
a Buerger precession camera, a high-temperature x-ray 
powder pattern of NaBF4 was obtained. Jt  confirmed 
my recent criticism' of an alleged monoclinic crystal 
structure proposed earlier.3 'The structure found now 
makes Na13F4 di-isotypic with CaS04, namely, OTtho- 
rhombic at room temperature, hexagonal above the 
transition temperatures of 241 and 1 100°C respec- 
tively. The hexagonal lattice constants of NaBF4, 
uo 5.00 2 0.02 A and eo = 7.75 k 0.03 iP at 26S"C, 
are very similar to 4.98 ? 0.02 and 7.67 k 0.03 1% of 
C & 0 4  at 1200"C.4 'Thus far, attempts to  derive atomic 
positions from the intensities of the powder patterns 
were not successful; efforts are under way to prepare 
end study B single crystal of NaBF4. 

A high degree of rotational disorder of the BFi- ion i s  
indicated by the rapid decrease in intensities with x-ray 
diffraction angle as well as by the relatively large 
transition entropy.' The presence of such disorder may 
also reconcile the hexagonal symmetry with the obser- 
vation of optical isotropy6 and apparent degeneracies in 
the Ramati spec t ru~n .~  

An x-ray powder pattern of CsBF4 at 212°C yielded 
a,, = 7.88 ?I 0.03 a for the face-centered cubic high- 
temperature modification, quite in line with ug = 7.612 
A for KbHF4 and 7.40 10.03 '4 for KBF4 obtained in 
good agreement with existing measurements. 

Relative volume expansions, AV/Vo ,  from room 
temperature to slightly above the temperatures of the 
transition orthorhombic-cubic in three of the alkali 
metal tetnfluoroborates M(I)UF4 and perchlorates 
M(I)ClO4, M(1) = K, Rb, Cs, and two of the alkaline- 
earth sulfates, M(11)S04, M(l1) = S r ,  Ba, were comput.ed 

from the x-ray data. These relative expansions show a 
decrease with increasing cation size, from salts with 
small cations, for example, Sr2+, r = 1.13 A, io salts 
with large ones, for example, Cs', r = 1.69 8. As the 
compounds with the smallest cations, Na+ and Ca2', 
I ~ 1 . 0  8, differ in both their low- and high-tempera- 
ture structures from those of  the larger ones, it is not 
surprising that they do not fit the trend above. At least 
For NaBF4 and KBF4, however, ;i Clausius-Clapeyron 
calculation of' AV,, at Ttr from AStr and dTt,/dp 
indicates it to be similar, 4.6 and 5.6 crn3/mole. 
Therefore, the difference in AV/Vo is mainly due to  the 
difference in the thermal expansion of the two different 
orthorhombic low-temperature structures of these two 
compounds. A similar expansion behavior is exhibited 
by NaNO3 and KNO3. 

1. Suinmarized from a similar contribution in the MSR 

2. A. S. Dwtxkin and M. A. Bredig, Ckem. Div. Annu. l'rogr. 

3. C. W. F. T. Pistorius, J. C. A. Boeyens, and J. R. Clark, 

4 .  M. A.  Bred&, Chem. Div. ilrinzr. Progr. Rep. May 20, 1968, 

5. A. S. Dworkin and M. A. Hxedig, J. Ckrn .  Eng. Data 15, 

6. G.  T). Brunton, private communication. 

7. A. S .  Quist, J. B. Bates, and G. E. Boyd, private corn- 
rnunication, and MSR Prqqram Serniarinu. Progr. Rcy.  Feb. 28, 
I971, ORNL-4676; also "Raman Spectra of the High-Tempera- 
ture Phase of Polycrystallirie NaHF4," a following contribution 
in this scction, this report. 
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EXCESS FREE ENERGY IN SOME BINARY 
MOLTENSALT MIXTURES WITH A 

COMMON CATION 

M. A thedig 

EiF-Li' BeF4 

Very accurate mea~urements of the LIF Iiyixidus in 
the LiF-BeF, \ysteni which included the finding that  
Liz BzF4 melts congruently' suggested an attempt to 
interpel t ho  bqurdus in terms of mixing F and 
BeF42- anion& in the presence of the common a t i o n ,  
L,I +, instead ot the more common model oTrriixing Li' 
and Be2+ cations in the prewnce of a common anion, 
F-.' The paiiial mol& free energy of LIF, calcukited 
according to the Ternkin model, was compared with 
that represented by the LiF liquidus i n  LiF-Li2 BeF4 
and also i n  the systems LIF-LI,SO~~ and LIF- 
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Li2WO4? expected to be quite analogous. The ideal 
liqiiidirs was computed from 

Affix 
I n  a(LiF) = ~ (T;' - T - ' )  

R 

ACp 
+ -- (T ,  ~ T )  ~ ----In ( T J T ) ,  

RT K 

with AHm 7L 4470 cat per mole of LiF and ACp = 
5.87 - 4.78 X T ,  derived from the JANAF tables. 
The observed U F  liquidus in 13-Li ,  SO4 deviates 

somewhat negatively, but that in LiF-Liz WQ4 not 
perceptibly, from the calculated one (Fig. 6.32). It is 
surprisirig to see ions as different in size (crystal radius 
r ) ,  charge (z), polarizability (a), and composition as F - -  

and WQ4 2- seemingly mix ideally according to the 
Ternkin model. Significantly, however, the ionic field 
strengths are similar, z/r for F-- = - I /  1.36 = -0.73 and 
z/r  for WOO, 2+ = -2/(2 X 1.40) = -0.71. 

In LiF-I.,i2 BeF,, up to approximately 45 mole 
Liz BeF,, departure from ideality is hardly noticeable. 
The increasing positive deviation with further decrease 
in excess LiF over 2LiF-BeF, (:= Li2ReF4) probably is 

ORNL- DWG. 71-5748 ........... I I I I 
I l ~ - - - T ~ -  
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Fig. 6.32. LiF liquidus, experimental and Ternkin-ideal, in 
the systems LiP-Li, BeP4, LiF-Liz WQ4, and LiF-LizSOd. 

best attributed to what may well be the first stage of 
polymeri~ation,~ a dimer, from 2ReP42- ::: F + 
5e2F7j - .  By analogy with the known Si2076- ,  
Be, F7 3- would consist of t ~ 0  fluoride tetrahedra 
sharing one corner. Direct evidence for this particular 
species ought to be sought f r a n  a coinparison of the 
Kaman spectrum of a melt 60 I 3  4 0  ReF, with the 
spectrum of solid and molten Na,LiBe,a;', or 
RbEiz Be,F7, proof of the actual existence of Be, F7 3- 

in the solid compounds to be obtained by x-ray 
analysis. 

Fluoride-Iodide Mixtures with a Monow.lcnt 
Common Cation 

The systems LiF-LiI and NaF-NaI contain an anion, 
I-, similar in size tu, yet much more polarizable than, 
the ions ZXd2- above. New Liquidus data were recently 
reported,' yet without reference to thermodynamic 
relationships. I examined them with the following 
results. 

In the vicinity of the melting points of LiF and NaF, 
the liquidus curves as drawn by the investigators 
(dotted lines, Fig. 6.33) are in error. 'l'hey would 

......... ..... 
'0° 10 20 30 40 50 60 70 80 90 

MOLE 'X M I  (M-L i  or No) 

Fig. 6.33. 1% and NaF liquidus curves, experimental and 
Ternhiin-ideal, in the LiF-Lil and NaP-NaI systems. 
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indicate solid solution, that is, a mixing of F- and 1.- in 
solid fluoride to degree highly improbable considering 
their difference in size and polarizability. The reason- 
able alternative, an ideal liquidus for sniall iodide 
additions, with no solid solution, is actually indicated 
by the experimental point at 10 mole 76 LiI (Fig. 6.33);  
in NaF-NaI no data exist for the lower iodide concen- 
trations. However, the most significant aspect of these 
phase diagrams is the pronounced nonideality of  the 
LiF and NaF liquidus at higher iodide concentrations. 
Not surprisingly, the positive excess free energy ( ;UE) of 
mixing thus indicated for the mixing o f  the smallest 
(F-) with the largest ( I - )  halide ion is larger than in any 
otlier simple binary alkali halide system investigated, 
that is, as high as 650 cal/mole for pENnF near 30 mole 
70 NaF. 

Fluoride-Iodide Mixtures with a 
Divalent Cation 

We compare the case of CaFz-CaIz mixtures with the 
preceding oiies. In a discussiori of the phase diagram,7 
my calculatioii of the ideal CaF, Liquidus (Fig. 6.34) 
was used to point out the large deviation from the 
‘Ternkin model. At the eutectic, pECnF2 is 61.5 
cal/equiv, quite similar to the tnaximum pEN in 
NaF-NaI. At low CaIz concentrations (high ternpera- 
tures), where djrect measurements were not made, 
extrapolatiori (dashed line, Fig. 6.34) gives maximal 
val1.m for the liquidus temperatures, that is, maximal 
values of pEc:af;2 that are by as much as a factor of i 
stnaller than those for NaF in NaF-Nal. The difference 
may perhaps be explained as follows. 

The overall positive excess free energy results from 
the large difference in polarizability arid i t s  effect upon 
v;m der Waals interaction between anions, F -  and I--. 
However, in fluoride-rich melts a negative component, 
apparently not previously recognized, may arise from 
the enhancement in the polarization of 1- by Ca”. in 
cat ion-anion-anion configurations, such as Ca2+L --I; -, 
over that i n  Ca2+1-I- of pure Cal,. The greater field 
strength of F-, z / r  = -0.73, compared with I-, z / r  = 
-0.46, leads to 3x1 enhancemerit of the field gradient 

that the 1- in Ca2+l-F- encouriiers. The effect is greater 
in mixtures with a divalent common cation than with it 
monovalent one (NaF-NaI, above) for two reasons: the 
higher i idd  strength of the calion and the greater 
aniorxcation ratio resulting in greater frequency of 
contiguraiions MIF. Other examples, such as MgF, - 
Mglz, ZnF2-Zn12, and AgF-Agl, are being considered 
for further study which will also ;illow assessing the 
influence of high temperatures (above 1000”C), not 
taken into account a s  yet. 

M. pt. COF, 
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Fig. 6.34. CaF, liquidus, experimental, interpolated, and 
’Ternlull-ideal, in CaFzCaIz. 

Comparison of LiF-Liz BeF4 arid LiF-LiI Mixtures 

It has been suggested8 that sinall positive enthalpy 
changes on mixing NaRr with NaN03 or NaCI are 
explainable by ion “‘packing” or “short-range re- 
pulsion” effects - - -  not a change in van der Waals 
dispetsion forces between anions. It  would seerii, 
however, that for the much larger free-energy change in 
mixing relatively rigid F- with 1 - of high polarizability 
the difference in dispersion forces, wlich are propor- 
tional to  the square of the polarizability, aZ41-):a2 (F’.) 
= 65!, i s  the dominant factor. This seems to follow also 
from the observed near ideality, up to high BeF,’- 
concentrations (Fig. 6.3%), of mixing F -  with BeF, ‘-, 
where the size difference is as large as with I.-, 
yet the difference in dispersion forces is much smaller, 
cl12(BeF42-):a2(F-) = 12. The same holds for the highly 
ideal LiF-Liz W 0 4  system (Fig. 6.32), where the polar- 
izability ratio W 0 4 2 - : F -  i s  also smaller than ior J - : F - ~  
as well as for the similarly ideal MgF2-MgC12 ,‘ with 
a2(Cl- ) :a2(~- )  = 13. course, it1 ttie c;w of [,iF- 
Li2S04 ii factor, unknowii as yet, other that1 the 
(intermediate) difference in polarizability laz (SO4 ’-): 
olz(F-) = 351, must be responsible for the observed 
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negative excess free energy of mixing; interestingly, 
NaF-Na2 BeF4 exhibits a very similar behavior. 

Solid Solutions in Alkdi Metal Iodide-Chloride 
Systems 

Examination of additional alkali halide phase dia- 
grams from ref. 6 in terms of fusion entropies led to  the 
finding that the liquidus curves in Lil-LiC1 and Nal- 
NaCI, as was to be expected, definitely demonstrate the 
existence of considerable mutual solid solubility 
through the considerable positive deviation of the 
liquidus temperatures even at the smallest solute con- 
cenfrutions. At the eutectic temperatures my estimates 
are 13 mole 76 NaCl in solid Nal and 6 mole 5% N a I  in 
solid NaCI, 5 mole 5% LiCI in solid Lil and 2 mole 76 LiI 
in solid IXI.  Thus, the statemeid that the three fields 
of crystallization in the ternary systems Li(F, C1,I) and 
Na(F, C1, I) are those of the “pure” components is in 
need of modification. Because of this solid solubility, 
interpretation of the liquidus in terms of excess free 
energy of mixing is, of course, not possible. 

__ ...... ~ _ _ _ _ _ . . -  

1. K. A. Ronlbergcr and J. Braunqtein, MSR Program 
Semiannu. Progr. Rep. Feb. 28, 1970, ORNL-4548, p. 161. 

2. J.  Braunstein also is considering the problem (private 
communication). 

3. E. 1. Speranskaya and A. 6. Bergman; Izu. Sekf. Fiz. Khirrl. 
Alia!., Insr. Obshch. Neorg. Khirn., Akad. Nauk SSSR 26, 180 
(1955). 

4. A. I .  Kiselova, V. I .  Posypaiko, and A. G. Bergman, Zh. 
Fiz. Khirn 29,359 (1955). 

5. See also the discussion of BeF2 polymerization by 
C. F. B a a ,  J. Sulirl State Chem 1,  159 (1970). 

6. C. E. Johnson and E. J. Hathaway, J. Electrochem. SOC. 
118,631 (1971). 

7. R. A. Sharma, High Temp. Sci. 1,423 (1969). 

8. 0. J. Kleppa and S. V. Meschcl, J. Phys. Chem 67, 668 

9. K. A.  Sharma and I .  Johnson, J. Amer. Cemm SOC. 5 2 ,  

(1963). 

612 (1969). 

“ThOF”: ‘I’NVALENT TMOIUIJM? 

M. A. Bredig 

In spite of the preparation, by a number of investi-- 
gators, of a few thorium compounds such as ‘“Th13” of 
a stoichiometry suggesting ‘l’h3+, the existence of this 
chemical valency has not been accepted. According to 
Scaife and Wylie,’ “It is not clear whether the 
observations of Clark and Corbett* as to high resistance 
and qualitative diamagnetism apply to thorium triiodide 
or to a mixed phase with I/Th < 3.4.  . . .” Hayek et 

aL3 state (in translation): “. . . including thorium in the 
actinide group. . . does not make good sense.” 

Contradicting the latter statement are the results of  
two publications by Lucas and Rannou415 that describe 
preparation and properties of what is claimed to  be an 
oxyfluoride “TliOF.” Its grayish-white (!) color would 
make it appear to be analogo1.rs to  the truly actinide- 
type oxyfluorides AcOF, PuOF, and CfOF. In con- 
nection with observation here at ORNL of a certain, if 
very small, solubility of ‘l’h metal in LiF-ThF4 r n e l t ~ , ~ ’ ~  
I have examined this evidence for “ThOF” with the 
following results. 

1. Lucas and Rannou give 5.68 .& as the lattice 
constant of a fluorite-type cubic face-centered unit cell 
containing four molecules of “ThOF.” ‘This corresponds 
to a molar volume of 27.6 cm3/msle. Figure 6.35 
shows the very large deviation of more than IO%, that 
isj more than 20 times the experimental error, from the 
value 30.8 cm3/mole which one reads off the line 
connecting the molar volumes of AcOF, PuOF, and 
CfOF (dashed line). For comparison Fig. 6.35 also 
shows the complete regularity (which includes CeOF) 
o f  the corresponding molar volumes for the lanthanide 
oxyfluorides. 

2. ‘The lattice constant reported for “ThQF,” 5.68 ,j, 
is identical with 5.674 a of the saturated solution of 
.I’hF4 (25 iiiole %) in solid Tho2 (5.600 a without 
ThF4).’ The product of the reaction of 2Th02 with 

OR N L- DWG. 71 -6070 
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Fig. 6.35. Molar volumes of actinide oxyfluorides, lanthanide 
oxyfluorides, and actinide dioxides. @ IS the molar volume of 
“ThOF” a5 well 2% of the solid uolution of ThF4 in 1ltCP2. 
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lThF4 and 1Th observed by Lucas and Rannou, then, 
in all probability was not 4ThOF, but 2ThO,.,F (the 
solid solution) + IT1iOF2 + 1Th (unreacted). No 
attempt at chemical or mechanical sepaxation of 
“ThOF” was reported; thus the analysis simply could 
not be expected to give anything but the initial 
composition! On titration with permanganate the un- 
reacted thorium metal .was, of cuurse, not distin- 
guishable from its equivalent in “4ThOF.” Why no 
metal was said to have been found in the x-ray pattern 
of the reaction product might be explained if segre- 
gation took place on screening the powder in prepdring 
the x-ray sample, as observed by us in similar cases. The 
absence of the very numerous and therefore much 
weaker reflections of the 25 mole % ThOF2 (of low 
crystal symmetry), which I assume to have been 
present, seems also understandable, especially in sani- 
ples of  high x-ray absorption. 

3. After a tentative reference to  “antiferro- 
magrieti~m,”~ “ThOF” was reported to  be para- 
magnetic but not to obey the Curie-Weiss law.5 This 
greatly favors the presence of thorium metal over that 
of a Th3+ ion. 

One concludes that the evidence for “ThOF” i s  
unsatisfactory and that it remains highly questionable 
to include thorium among the true actinide elements. 
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POLARIZABILITY CHANGE FOR HALIDE IONS 
(X -) ON FQRMlNG COMPLEX IONS (BF4-) 

OR MOLECULES ZX,, 

M. A Bredig 

The polarizabdity of the negative ion is one of the 
fundamental parameters determining the pioperties of a 
salt. For example, the large difference in the polar- 
izabilities of C1- and F-, 3.48 A3 vs 0.95 a3 (K. 

Fajans) leads to  a practically useful reversal in relative 
chemical stabilities of halides of lithium, thorium, 
uranium, protactinium, and rare earths, and thus is 
implicitly the basis of the “metal transfer process” 
using a chloride melt for separations in processing the 
fluoride-based fuel of the molten-salt breeder reactor. 

IJnfortunately, considerable confusion exists with 
respect to the use of proper standards for ion polar- 
izabilities in evaluating changes on compound forina- 
tion. I have examined the problem as applied ( I )  to  the 
tetrafluoroborate ion, BFi-, (2) to halides of some 
polyvalent elements similar to  boron, and (3) to some 
apparently “anonialous” behavior which may be at- 
tributed to mutual interaction of halide ions. 

The Tetrafluorohorate Ion 

Measured polarizabilities, am,  of Lryslallirie alkali 
metal tetrafluoroborates, MBF4 ,2 were used together 
with those of the free (gaseous) cation, to derive 
a.- = am -~ a, for BF4- in the crystals. 

As expected, for M = Na to Cs, 01- = 3.06 5 0.04 A3 
shows no systematic variation: the weak field of M ”  
(z/r x 1.05 to 0.06, as compared with z/r sz 15 for B3+) 
contributes very little io the tightening of the ‘i- 
electron shells by B3-‘, A&,- = [a- --- (a83+ i- 

F- ion. 
in N S F 4  to 

2.29 A3 in CsBF,, reported earlier’ resulted tnerely 
from the misleading nature ofuveruge solid-state cation 
polarizabilities4 used, which are inconsistent with estab- 
lished distinct systematic deviations from additivity of 
polarizability even in the alkali halides. 

I 

4aF-)] /4 = (3.06 .-- 3.90)/4 = -0.21 A3 (-21%) per 

An apparent trend for a _ ,  from 2.57 

Test of Recent Theoretical Set of Halide 
Ion Polarizabilities, Especially F -  

In the preceding, the value used for orl, - was 0.95 A’ 
derived by Fajans, not veiy different from 1.06 6i3 
gven by Pauling. A recent calculation based on a simple 
classical model led to ii much larger value, 1.56 A3 
(model 11, Wilson arid Curtis) or even 1.83 A3(their 
model Q5 Earlier, quantum-mechanical calculations 
had dso yielded 1.56 A3.‘ I have chosen as a simple 
test of validity the ielative change in the reciprocal of 
polarizability, that 15, the increase in “rigidity” of the 
electron shell (aHx-’ ~ a X E A(a-’)/a-’ , 
on formation of the liydiogen halides frorn the gaseous 
ions, X- + H’ -+ HX (introduction of d proton into 
X-).7 Among the mole refrdciivitLes u e d 8  was a fairly 
recent value for liquid HF.’ Figure 6.36 shows a 

1/01 X 
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Fig. 6.36. Test of Wilson-Curtis model I1 (1970) vs Fajans 
free halide ion polarizabilities. Relative increase in electron shell 
rigidity, A ( u - ’ ) / a - ’ ,  for the process X- + H + -  HX. 

comparison of the two rather different sets of polar- 
izabilities, Fajans (F) vs Wilson-Curtis niodel 11 (WC). 
‘The latter gives a complicated and unreasonable de- 
pendence of A(@-’ )/&’ on the original “rigidity,” 
K ’ .  Curve F, on the other hand, shows the smooth, 
monotonic decrease with increasing “rigidity” of X--, 
which one expects for the simple process involved. 
Significantly, it also gives a perfect fit to an experi- 
mental point for the introduction of a protori into 
N H 3 ,  that is, a molecule other than a halide ion (cf. ref. 
11 ,  pp. 133 ff.). One concludes, as Fajans did in 
another way (namely, by applying his method of 
inequalities of quotients’ ’), that the newly proposed 
free-ion polarizabilities’ are in disagreement with basic 
principles and experimental facts and that there is no 
reason to revise the well-proven set, especially a: = 0.95 
A3 for the fluoride ion. 

EIalide Interaction Effect oil Pohrizabilaty in 
Halides BX3, AIXj, CX4, and Six4 

An anomaly appears to  exist in the polarizability 
tleciease (electron shell tightening) of free halide ions, 

X-, in the strung Coulomb field of Zn+ on forming 
ZX, molecules (or ions) such as the boron trihalides, 
BX3. Figure 6.3’7 shows that in contrast t o  the 
monotonic change of Aa/a as a function of cyx for 
thz hydrogen halides, above, a maximum OCCUJS in 
-Aa/a =: [ayzxII  - (aZn+ + nax -)] /ncxx - between aF - 
and ac1- in the tri- and tetrahalides showri. This has led 
me to suggest, it seems for the first time, that in 
molecular compounds Z;Yil (n  2 3) “crowding” of X-  
ions, resulting in mutual interaction (deformation, 
“loosening”) of their electron shells, may be a signifi- 
cant factor. ihn attempt was made to evaluate the 
magnitude of this effect by comparison with linear 
triatomic molecules, ZY‘ or ZXY, in which the 
geometry may be taken to minimize interaction be- 
tween the two y’.., or y’- and X-. In the absence of 
data for suitable boron compounds, for example, BOF, 
the carbon tetrahalides were studied first by compar- 
ison with carbon dichalcogenides for which such data 
exist. 

Curve CY2 in Fig. 6.38 represents the relative 
decrease, -Aa/a, of polarizability per Y2- (a  E aD for 
A -  589 nrn) on formation of the triatomic molecules 
C 0 2 ,  COS, C S 2 ,  and CSe, from C4++ 2Yz- as a 
h i c t i o n  of aY 2- .  The refractivities of free 02--, S2-, and 
Se2- were taken as 6.95, 22.7, and 28.8 cm3/mole 
re~pectively.~ With -Aa/a! taken as 0 for CY = 0,’ ’ the 
observations can he fitted to  an expression 

Aa/a = 0.535 ( 1  - e- 6 u )  , ( 1 )  

ORNL-DWG. 71-5763 

FREE ION P O L A R I Z A B I L I T Y ,  C!,-(L3) 

Fig. 6.37. Relative decrease in polarizability of X-, Aol/ol, in 
the process z”+ + rrx- - ZX, for z = B, C, AI. and si. 
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FREE ION POLARIZABILITY, a x - ( A 5 )  

Fig. 6.38. Effect of XC mutual deformation upon decrease in 
polarizability for 53’ + 3X‘- -f 5x3 and C4’ + 4X- -+ CX4. 

identical in form to one given by Fajans for a variety of 
ion$ and niolecules, F-, OH -, CI-, f12 0, W H 3 ,  etc., on 
forming the respective molecules or ions, HF, N2 0, 
HCI, Ei3C)+, NII,’,  et^.^>' For comparison of CY, 
with C&, an adjustment for the double charge 011 Y2- 
must first be made. A factor 1.5 is seen to hold for the 
ratio Aala = 0.360, on the curve CY2 at LI = 0.97 8’ 
(for F-1, to -Ac~/a = 0.240 for CF, (experimental), 
where, because of the small size and low polarizability 
of F- in the strong field of C4’, the niutual deformation 
of the F- is heie neglected. Dividing Eq. ( I )  by 1.5 we 
obtain 

to represent the tightening of X -  in a hypothetical 
‘&ilea CX2 2+ (Fig. 6.3%), where mutual deformation of 
the 2X-, if any, is again neglected. Curve CX, foi the 
formation of CX, l‘rom C4+ + AX- would coincide with 
curve CXZ2+ I f  the larger X- (CI-, Br-, I-) would not 
interfere with (Le., “loosen”! each other. The differ- 
ence between the two curves is taken to represent just 
that interaction (bottom of Fig. 6.38). 

To estimate the effect in the boron trfiialidcs, curve 
HX,+ was obtained by reduclng 0.360, in  Eq. (2 ) ,  to 
0.270, that is, in proportion to the charges on B3+ and 

C“. This procedure reflects the effect of charge‘ 011 

refractivity in the series S I Q ~ ~ - ,  SO4 ’-, and 
C104-, where I find it to be approximately proportional 
to the chaiges of Si4+ to C17+. The other parameter 111 

the equation, 1.16 A-3 ,  was taken over from Eqs. (1) 
and (21, as its variation has little effect, especialiy at 
higher values of a. 

We see, then {bottom of Fig. 6.38)  that the mutual 
deformation of X- in BX3 is considerably snialler than 
in C&, as indeed might be expected. For instance, i t  
amounts for BBr3 to  20% and for CBr4 to 31% of the 
tightening effect estimated for no mutual deformation 
[curves BX2+ and C X B ~ * I .  
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MAGNETIC SUSCEPTIBILlTY OF TITANIUM(I1) 
TETRACHLOROALUMLN ATE 

A. S. Dworkin 

J. Brynestad and co-workers of the hletals and 
Ceramics Division have succeeded in preparing arid 
characterizing Ti(AlC14)2 ,‘ in which titanium is sta- 
bilized in its divalent state by the Lewis acid AlCI,. The 
compound was characterized by means of chemical 
analysis, crystal structure determinations, and ab- 
sorption spectra measurements. We were asked to 
measure its magnetic susceptibility in order to confirni 
the expectation that the compound is magnetically 
dilute, that is, that its paramagiletic susceptibility is due 
to two unpaired d electrons. 

The magnetic measurements were made by the Gouy 
method. Briefly, the apparatus consists of a Varian 9-in. 
magnet (V-3401), a Varian field-regulated magnet 
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power supply (Fieldial Mark I), and an x4insworth 
semimicro recording balance. Cylindrical pole caps 9 in. 
in diameter were fabricated, and a pole gap width of 2 
in. was used. The large pole gap allows for possible 
future high-temperature measurements. The apparatuF 
was checked with both a diamagnetic sample (W, 0)  and 
a paramagnetic sample (concentrated CuCl, solution). 

Seven inches of powdered Ti(AlCL,)' sealed in a 14- 
by 5/,-in. glass tube was supplied by J. Brynestad. 
Measurernewts were made at room temperature at field 
strengths of from 2 to 10 kG. The susceptibility 
remained consiaiit to a few tenths of a percent over this 
range. An absolute accuracy of a few percent was 
attained, with the largest uncertainties involving the 
powder density of the compound in the tube and the 
cross-sectional area of the tube. Obviously, much 
greater accuracy in these measurements can be achieved 
if necessary. 

The molar susceptibility of Ti(AlC14)2, x M ,  was 
found to be 3530 X cgs. The effective Bohr 
magneton number, peff, calculated from p e f f  = 2.84 X 
m - i s  approximately 2.9, in good agreement with 
that expected from two unpaired electrons, pcff = 
&--(;'.;"yj = 2.83, 

1. J. Brynestad e? al., Znmg. Nucl. Chem Let t .  6 ,  589 (1970). 

RAMAN SPECTRA OF T H E  I-UGH-TEMPERAI'IJRE 
PHASE OF POLYCRYSTALLJNE NaBF,, I 

George E. Boyd2 
Arvin S. Quist2 John B. Bates' 

At a temperature of 245 .t 1"C,3 orthorhombic 
NaEF, undergoes a phase change to a crystal structure 
first reported as a monoclinic4 but later as a hexagonal 
structuie with disordering of the fluoride ion positions 
in the lattice.' The Raman spectrum of this high- 
temperature form has now been measured to provide 
additional inforination regarding the lattice symmetry. 

Static and dynamic field effects on the vibratioiial 
modes of BF4- in the orthorhombic NaBF, structure 
have been established by previous ~ tud ie s .~"  In this 
crystal, all components of the doubly degenerate u2 
niode and of the triply degenerate u3 and v4 modes are 
obseived. An increase in site symmetry of the BF4- ion 
in the high-temperature form may result in a collapse of 
the splitting, and only one frequency for each of the 
vibrational modes might be expected; thus the presence 
or absence of such effects would establish the sym- 
metry of the effective field about the BIT;. in the 

high-temperature lattice and, perhaps, might resolve the 
existing conflict in the x-ray data. 

Raman spectra were measured with the equipment 
and techniques described p r e v i o u ~ l y . ~ ~ ~  The only in- 
novation was the addition of a 2O-mm-diarn, 22-mm 
focal-length double-convex Pyrex lens positioned within 
the side port of the fiirnace to collect and collimate the 
scattered light. In the current srudjes, only the splittirlg 
of the v2 and u4 modes were examined in detail since 
the intensities of the u3 modes are quite weak. Figure 
6.39 gives a comparison of the spectra of the u, and v4 
bands of polycrystalline NaRF', at temperatures of 240 
and 254°C (a few degrees below and above the 
transition point of 245°C). 1 his figure clearly shows the 
abrupt change in the Raman spectruni of crystalline 
NaBF, as the solid undergoes a phase transition. Below 
245°C the two components of u2 shifted from 344 and 
369 cm-' at 25°C to  347 and 3b4 cm-' at 240°C. Of 

373 35C 330 550 530 5'0 
- ~ 

254°C 
4.0 c i c '  s l i t  
5 x lGL c/s 

I I I I I  I I -LL u 
550 530 510 370 350 330 

F R E Q U t N L Y  ( c m  ' 1  

Fig. 6.39. Maman spectra of We v2 and v4 regions of 
polyciystalline NaBF4 at 240 and 254°C. A phase transition 
occurs at 245°C. 
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the three components of v4, the two observed at 532 
and 534 cm-.’ at 25°C had coalesced into one band at 
531 c i K 1  at 240°C. The other component of this 
vibratiorial mode decreased from 554 cm-’ at 25°C to 
547 cm-’ at 240°C. Above the transition temperature 
only single bands at 358 and 532 cm-’ were observed 
for v2 arid v4 respectively. Essentially the same fre- 
quencies were observed previously with the molten 

The Raman spectra indicate that the effective envi- 
ronment about the BF4- ion in the high-temperature 
crystalline phase of NaBF, has tetrahedral (or higher) 
symmetry. This observation is consistent with the 
recent x-ray results which lead to a hexagonal structure 
if complete disordering of all fluoride posiiions is 
assumed. With this coniplete disordering, the effective 
field experienced by a BF4- ion would be highly 
symmetric arid would account for the lack of splitting 
of the v 2  and v4 bands in the Raman spectra. The 
disordered structuie also explains the similarity be- 
tween the Ranian spectra of the high-temperalure 
crystalline phase and that of the melt; as a result of the 
disorder in the solid phase, a given BF,- ion ”sees” an 
average, symrnetric field similar to that experienced in 
the melt. 
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RAMAN SPECTRA OF BeF4 2- IN MOLTEN 
LiF AND NaF TO 6X6”C1 

Arvin S. Quist’ John R.  Hates2 
George E. Boyd’ 

’The proposed solvent for UF4 and ThFa in the 
molten-salt breeder reactor will contain approximately 

22 mole % BeFz and 78 mole $71 LiF; the coolant inay 
be a melt of composition Li2ReF4. I t  has been or 
interest, therefore, to measure the vibrational spectra of 
molten LiF-BeF, niixtures to characterize the bands 
caused by Be-F interactions and to identify the coni- 
plexes present in solution. Additionally, the BeF4’- ion 
is of interest as the first niernber of the isoelectronic 
triad 13eF4’-, BF4-, arid CP4, in which the number of 
valence electrons (8) rennins constant and the nuclear 
charge of the central atom increases progressively by 
unity. All of the four normal modes ofvibration of the 
tetrahedral BeF4 anion are Katnan active; hence, 
Ranian spectral measurements are particularly well 
suited for investigations on this anion. 

The captive-liquid or “windowless” cell used to 
contain the melts has been d e ~ r i b e d ~ . ~  as has the 
furnaces arid optical system for focusing and collecting 
the Rainan scattered light.3-- Spectra were recorded 
with a Jarrell-Ash model 25300 spectrophotonieter 
CJarrell-Ash Company, Waltlrun, Massachusetts) and 
4880-f% radiation from an argon ion laser for excitation. 

Although LizBeF4 melts are the ones of greatest 
practical interest currently, an Na2 BeF, melt. also was 
studied to obtain information on “cation effects” on 
the vibrational spectra of BeF4”. Mollen LizReF4 and 
Na2 BeF4 contain rio more than the minimum fluoride 
ion concentration necessary for complete 4-co- 
ordination of beryllium; therefore it wiis of interest to  
measure the spectrum of BeF4’- in an excess of F-. 
Binary LiF-BeFz aiid NaF-BeF2 systems containing less 
rhan 20 mole ’% HeF2 exhibit melting points above 700 
and 800°C respectively; tience a ternary system of 
LiF-NaF-BeF? (30-53-17 mole %) melting n e ~ c  550°C 
was sludied. Additional measurements were made at 
25°C on an aqueous (NH4)2BeF4 solution with excess 
NH4F and on solid Li2BeF4 (where x-ray measure- 
ments have indicated that beryllium is 4-coordinated). 

?he Ramaa spectrum of molten Na2 Bel;, at 6 16°C 
is shown in Fig. 6.40. The spectra of molten LizI.leF4‘ 
and ot’ the LiF-NaF-BeF, mixture are similar in 
appearance except that the half bandwidth of v1 for 
LizBeF4 (100 cm-‘) is about twice that observed in 
Na2 BeF, (50 cm-’ ). The corresponding value for the 
LdF-NaF-BeFz mixture is about 65 cm-’ and for 
aqueous HeF42-, about 40 cm-’ . ‘The Be-F vibrational 
frequencies observed in the above systems and their 
assignments are given in Table 6.14. 

The frequencies of the Bel.*,’- vibrations observed 
from Ranian spectral measurements on the solutions 

listed in Table 6.14 are relatively insensitive (within 
experimerital errorj to temperature and composition. 
The frequency of the symmetric, v,, vibrational mode 
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does not vary appreciably in going from the molten 
state (for several compositions and temperatures) to 
aqueous (NIH4)2hF4. The most significant change u ,  . 
observed in the Raman spectra of BeF42- was the 
broadening of v1 on substituting Li for Na in the melts. 
The origin of this effect would appear to be cation 

dependent, as any significant change in anion-anion 
interaction should be observed as a frequency shift of 

The Raman spectrum of solid Li2BeF4 shows the 
expected splitting of the triply degenerate vj  and v4 
modes and of the doubly degenerate v2 mode. This is 

OHNL-DWG. 71-2575H 
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Fig. 6.40. Raman spectrum of molten Na2BeF4 at 616°C. (a) Incident light polarized perpendicular to plane containing, slit and 
laser beam; (b )  parallel polwization. 

Table 6.14. Vibrational frequencies (em-' ) observed irr the Wsrnan spectra of BeF4'- in melts, 
in solid Li2BeP4, and in aqueous solutions 

Nap -1,iF-BeF2 2.5 A4 
Molten LiZBeFq(s), 25°C 

NaZBeFq, 
616°C 

...... Asqignment (5 3-30-1 7 (NH4)2BeF4 ____._____. 
mole %), in 2 M NHqF, Raman Infrared 

Li2BeF4 melts 

487°C 533°C 640°C 
615", 686°C 25°C 

255 24 0 260 265 25 5 
251 

295 

348 
385 390 390 3 85 380 380 311 

402 

440 
415 

541 550 545 550 552 548 563 

115 
800 800 800 800 800 795 195 

850 

360 
372 
405 

:si} 500 

175 
805 
86 0 

'Vibrations assigned to the Li+ sublattice moving against the F- sublattice. 



165 

consistent with a lowering of the Td symmetry of the 
BeFa2- ion in the hexagonal unit cell lattice of 
t izBeF4.7 The weak bands observed near 125, 165, 
and 2 10 cni-.I are probably caused by external lattice 
modes. The weak bands a t  440 and 475 cm-' corre- 
spond to strong infrared bands which have been 
measured at 435,463, and SO0 c1K1 . These bands niay 
be due to vibrations of the Li+ sublattice against the 
sublattice of F-. Analogous bands in the 400-to- 
550-cm--' frequency region of the infrared spectrum of 
solid Liz C 0 3  were assigned to Li-0 vibrations.* 

'The force constants of the general valence force field 
of BeF4 '- were calculated by the approxiniatioti 
method of Krebs et aL9 using the v l  , v2, v3, and v4 
frequencies observed in rnoltcn I& BeF4 at 487°C. The 
Be-F bond distance of I .5h ,$ used in calculating the G 
matrix was taken from the crystallographic data of ref. 
7. 7'he symmetrized force constants, F, 1 ,  F, ,, F3 3 ,  

1;34, and F44, were calculated to be 3.342, 0.242, 
3.1 15, 0.680, and 0.355 millidyne/A respectively. The 
bond stretching constant,fd, for Be-F was computed to  
be 3.17 millidyne/A based on the values of Fi and 
F 3 3  atid the formulafd = ' L (F , ,  +- 3t;'33).8 

The results froni this investigation indicate that the 
BeF4'- ion retains its tetrahedral symmetry in a11 the 
solutions examined. Additionally, the tetriifluoro- 
beryllate ariion appears to occur as a "free" entity in 
the molten salts studied; there arc no frequency shifts 
to indicate detectable corner sharing of BeF4 2 -  tetra- 
h d r a  to  fo rm dimers such as 3e2F73-.10 Small con- 
centrations of dimers might be preseii t in stoichiometric 
Liz BeF4 and Na, HeF4, but their Kaman spectrum 
would be too weak to be observed under the present 
conditions. 
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RAMAN SPECTRAL STUDIES OF MOLTEN 
LITHIUM NITRATE-LITHIUM 
PERCHLORATE MIXTURES ' 

M. H. Brooker' A. S. Quist3 G. E. Boyd3 

One of the fundamental goals in the interprelation of 
data from molten-sal1 systems is to determine the 
riature and extent of the ordering forces. It is known 
from neutron and x-ray diffraction studies that the 
long-range periodicity of crystals is l os t  when they melt. 
Atom-pair correlation functions derived from diffrac- 
tion (lata show peaks characteristic of near-neighbor 
interactions and indicate charge alternation iri  succes- 
sive shells about any ion. Significantly, positional 
correlation appears to be lost about 8 A from any given 
starting point. Although these facts lend parti:il support 
to an irregular or distorted lattice model for molten 
salcs, they also set a prxtical upper limit on possible 
long-range correlation of vibrational modes. 

Within the confines of this limited order, the extent 
to which motions of niolecules are correlated in tlie 
liquid phase has remained a matter of interest arid 
speculation. The vibrational spectra of ionic nitrate 
rnelts have been studied by rriariy workers in an effort 
to resolve this problem, but the results are still 
inconclu~ive .~-~  Uynamical coupling between identical 
vibrations of i1itrat.e nioiecules has been p r ~ p o s e d . ~  
Low-frequency infrared and Raxrun bands have been 
observed for melts in tlie same regions where external 
lattice mode hands are found for solids. Presence of 
these bands has prompted speculaticxi that the vibra- 
tional spectrum of melts can be interpreted in terms of 
phonons, niuch like that o f the  ~ o l i d . ~ , ~  However, there 
are nlany reasoris for doubting the existence of  non- 
localized modes in liquids. In a previous publicalioii ,' 
we proposed that the vibrational spectrum from molten 
NaNO3 could be generated without invoking a species 
consisting of niore than one nitrate ion. Bands in the 
low-frequency region have been observed for many 
polar liquids, and they are not unusual.' ' Although 
their origin is uncertain, dilution studies'",' have 
clearly s h w n  1 hat the band structure does iiot collapse 
and disappear as might be expected if' long-range 
phase-related motions were dominant factors in their 
origin. Dilution studies with ionic nitrate melts also 
should give information about the nature of interac- 
tions in fused salts. 

l i a n m i  spectra from molten LiN03,  I,iC104, and 
mixtures of the two molten salts have been obtained for 
a wide range of temperatures. Molten LiC104 proved to 
be an excellent diluent because it has no Rarnari bands 
which overlap those of the NO3- ion in either the 
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internal or exierrial regions. In addition, the low 
melting point of LiC104 meant that spectra of the 
molten mixtures could be recorded at the same temper- 
ature as for pure molten LiN03. Complications to the 
spcctra from hot bands, temperature broadening ef- 
fects, and therinal emission were thus minimized. 

The Rarnan frequencies observed with molten LiN03, 
LiC104, and a mixture of 5.3 molc 70 LiN03 and 
IdC104 at temperatures near the melting points are 
collected in Table 6.1 5 together with recently reported 
jnfrarcd frequencies of I,iN03 .7 Portions of the Rarnan 
spectra from the 5.3 inole '% LiN03  + LiC104 melt are 
shown in Fig. 6.41. Similar results were obtained for 
the other mixtures. Temperature changes of as much as 
130°C caused only small variations in the measured 
spectra. 

The significant observation of this work is the virtual 
insensitivity of the frequencies in the Kaman spectrum 
of the molten mixtures to  anion concentration (Table 
6.15). Most dramatic is the presence of the low- 
frequency band and the two components in the u j  
region in a melt containing only 5.3 mole % nitrate ions 
(Fig. 6.41). Two weak bands are also visible in the v4 
region (Table 6.15). If the low-frequency mode and the 

doublet structure of the degenerate v3 and v4 modes 
were the result of order that required specific phase- 
related motions of nitrate ions (dynamical coupling) 
similar to that found in a lattice, it would be expected 
that as dilution proceeded, the band at 145 cm-' 
would disappear and the doublet structure of the u3 
and u4 modes would collapse to  give single components. 
It w o ~ d d  appear that dynamical coupling does not 
effect the vibrational spectrum of the molten nitrates. 
Bands of the nitrate ion apparently arise from "species" 
which contain only a single nitrate group. This i s  not to 
suggest t.hat the nitrate ion does not feel the repulsive 
forces of other ions of like charge, but rather that one 
nitrate does not know if the next nearest neighbor is a 
nitrate or  a perchlorate ion. 

The serniyualitative description of ions vibrating in a 
cavity proposed hy Edgell et al.' ' appears to present an 
extremely attractive pictorial representation of the 
motions involved in the generation of low-frequency 
modes. Translational motions of an ion vibrating in a 
cage formed by its counterions can give rise to a large 
dipole moment change and an infrared band. These 
infrared bands should be strongly dependent on the 
mass of the caged particle.' ' Hindered rotational 

ORNL-D'NG. 70-10672 
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Fig. 6.41. Portions of Raman spectra from iiiolten salts. Conditions: (a) 5.33 mole % LiN03 in LiC104, 257"C, 6.0-em-' slits, 1 
x lo3 counts/sec; (b )  sample as in (a) ,  4.0-ciC' sljts, 2 X lo4 counts/sec; (c) pure LiC104, 256"C, 4.0-cm-' slits, 2 X lo4 
counts/sec. For b and c the perchlorate bands at 462 and 633  em-' have comparable intensities. 
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Table 6.15. Vibrational frequencies (cm-I) obtained from LN03-LiC104 melts 

LiNO? (258°C) 

Inf1 dreda Ramanb 

5.33 mole % LiNO3 
in LEI04 (257"C), 

Raman 

LiC104 
(256°C). R a m a d  

A ssignmen t s  
(free ion 
notation) 

-742 
8 19 
827 

1053 1064d (p) 

1345 

1424 
1360 (dp)e 

1465 (dp)= 

1641f (p) 

145 

462 
633 
7 14 
748 

925 
954 

1064d 
1118 

1370 
1475 

16381 

462 
633 

925 (Fh) 

954 

1118 
1180 (vw, \h) 

V 3  NO; 

2v2 NO; 

aObtained from ref. 7. 

hdp := depolarized, p = polarized, sli = sharp, and vw = very weak. 

CObtained from ref. 4. 

dSJightly asymmetric on the low-frequency side. 

'Analysis of the V 3  band contour revealed four bands: 1355, 1380: 1445,1480 cm-'. 

fslightly asymmetric on the high-frequericy side 

motions will give rise to a polarizability change and a 
Kaman-active band if the rotator has anisotropic sym- 
nietry (Le., NO; but not C104-, Li', etc.). Kaman band 
frequencies will depend on the interaction between the 
cage and the rotating ion such that the greater the 
interaction (smaller cavity size), the higher the rota- 
tional barrier and the greater the force constarit and 
frequency. The insensitivity of the t i N 0 3  spectrum to 
the ainount of added LiCIO4 would indicate that the 
NO;. iou librates in a cavity created by Li' ions. The 
size of the cavity would be of the order o f  the Li'-Li' 
distances in the fused salts, ca. 4 A. For the molten 
NaNO,, the cavity would be slightly larger and the 
barrier to  rotation sinaller; consequently, the corre- 
sponding band should be at lower frequencies. This 
band has been reported at 1 1  5 crt1-l i n  molten 

The internal modes of the nitrate ion also can be 
rationalized on the hypothesis of a cage formed by the 

NaNo3 .73 

nearest-neighbor ions. Selection rules for the nitrate 
group will be determined by the synmietry of the tleld 
and not by the "free i c ~ 1 ' '  selection rules. Asymmetry 
of the cage may be responsible for the infrared activity 
of v 1  arid the Ktlnmi activity of v 2 .  Field asymmetry 
also niay have lifted the degeneracies of the v3@j and 
v4(E) modes causing the doublet structure in these 
regions, but the possibility that more than one type of 
cage call exist about a nitrate ion must be considered. A 
second type of cage would have the effect of doubling 
the number of vibrational bands. The two bands ca. 720 
and 740 cm-' in molten LiN03 and the LiN03 + 
LiC104 mixtures are reminiscent of similar bands in 
aqueous nitrate systems which have been used success- 
fully to measure quantitatively the free and bound 
nitrate concentrations respectively.' 111 addition, if we 
allow for the possibility of hindered rotation to  explain 
low-frequency modes, it might be expected that this 
rotational motion would also complicate the region of 
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the internal modes. It has been shown that even in 
liquids, dainped rotational motions of molecular groups 
can couple with internal vibrational motions to  cause 
spectral features similar to those found for the nitrate 
ion in aqueous solution and certain melts.’ 
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ChLOMBMETRY 

LOW-TEMPERATURE HEAT CAPACITY- OF 
Li HYDRIDE AND Li INXJTEIWIDE 

R. H. Busey R. B. Bevan, J r  

Lithium hydride is an ionic compouod with a 
face-centered cubic structure and is unique among all 
ionic crystals in that both of its ions have the helium 
electronic configuration. Crystalline lithium hydride, 
with four electrons per primitive unit cell, has been the 
subject of many experimental and theotetical studies 
because of its simple electronic structure. A coniprehen- 
sive study of the lattice dynamics of lithium hydride 
has been made by Verble, Warren, and Yarnell,’ who 
also list references to earlier experimental and theoreti- 
cal work. They measured the phonon dispersion curves 
along the three high-symmetry directions in a single 
crystal of 7LiD using the techniques of coherent 
inelastic scattering of thermal neutrons. Dispersion 
curves and frequency distribution ciirvcs were calcu- 
lated for 7LiD and 7LiH based upon a seven-parameter 
shell-model fit of the data. Jaswal and IIardy,2 using 
the data of Verble et 31.’ (along with other data) and a 

deformation-dipole model, have computed phonon dis- 
persion curves and frequency distribution curves for 
LiIl and LID which have 1ongitudina.l optical branches 
consistently higher than those calculated by Verble et 
al. Both models give approximately the same transverse 
optical branches and are in agreement with infrared 
reflection3 and absorption4 ,’ spectra. 

Other properties of lithiiirn hydride have been tabu- 
lated and discussed by Pretzel et 

We report here briefly results of measurements of the 
low-temperature heat capacities of 7LiH and LID. 
These data should provide important additional infor- 
mation on the lattice dynamics of probably the simplest 
of ionic solids. The only previous heat capacity m 
urements at low temperatures are those of Kostryukov7 
on norinal lithium hydride made from naturally occur- 
ring lithium and hydrogen. Our measurements are the 
first on lithium hydride made from imtopically pure 
starting materials. 

Calorimetric samples of 7LiW and 7~,iD were provided 
by the late F. E. Pretzel of Los Alamos Scientific 
Laboratory. The samples were encapsulated in gold 
along with a small amount of helium to facilitate rapid 
heat trarisFer. The encapsulated samples required a 
special calorimeter whose whole top could be removed 
to receive the capsule. The heat capacity measurements 
on the full and ‘‘empty” calorimeter were made in our 
liquid-hydrogen..cooled calorimeter cryostat described 
previously.’ The preparation and probable p11iity’ of 
the samples are described by Pretzel et ; 1 1 . ~  

‘I’he data will be presented by deriving from it the 
contribution to  the heat capacity of the optical 
vibrational modes and the acoustical vibrational modes. 
Lithium hydiidc, with the sodium chloride type c~ystal  
structure, has two ions contained in the primitive unit 
cell. For 1 mole there are 6N degrees of freedom, N 
being Avogadro’s number. These vibrational degrees of 
freedom are divided into 3fV acoustical vibratiorial 
modes an3 3N optical vibrational modes. Each of the 
acoustical and optical modes is further divided into 
transverse and longitudinal modes.’ 

For the treatment of the heat capacity data of 7LiI-I 
and 7LiD, we will make the considerable simplifying 
assumption that the transversc optical mode frequencies 
may be represented hy a twofold degenerate average 
frequency, VTo,  and the longitudinal optical mode 
frequencies by a nondegenernte average frequency, 
vL0 .  The heat capacity arising from the optical lattice 
mode? is then given by the equation: 

- 
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where the first term on the right side represents the 
Einstein heat capacity function for one degree of 
freedom and 6 to  is the Einstein theta (characteristic 
temperature) corresponding to FLO, and similarly for 
the second term. 

The difference in heat capacity between 7LiD and 
7LiH is due alniost exclusively to the difference in that 
portion of the heat capacity due to  the optical 
vibrational modes, that is, t o  AC,,, (Eq. 1). Below 
50°K there is no detectable difference in the experi- 
mentally observed heat capacities of the two com- 
pounds, but above approximately 50°K the heat ca- 
pacity of 7LiI) increases at a faster rate with tenipera- 
ture than that of 7Litf. At 150°K the heat capacity of  
7LiD is 15% greater than that of 7LiH; above 210°K 
the percentage difference exceeds 20%, with a maxi- 
mum percentage difference of 20.9% at 240°K. At 
sufficiently high temperatures, of course, this difference 
disappears as the classical contribution of R (gas 
constant) for each vibrational degree of freedom is 
reached. 

In the frequency distribution curves,' the two 
branches of the optical branch (transverse and longi- 
tudinal vibrations) are well separated from each other 
and from the acoustical branch. For our purposes it is 
thus possible to extract from each o f  these curves an 
average frequency which is a weighted average where 
the weight given a particular frequency is directly 
proportional to the intensity at that frequency. From 
the curves of Verble et a1.I the following averages were 
obtained, the frequencies being given in wave numbers 
(reciprocal wavelength) all in units of cm-I : 7LiD, 
oTo = 554, GLo = 690; 7LiI-I, G,, = 784, Gld0 = 
956. Froin the curves of Jaswal and Hardy2 the 
following averages were obtained: LID, E,.(, = 570, 
u,,, = 820; LiH, GTo = 800, WLo = 112.5. When 
these values are substituted into Eq. (1) (with B,, = 
1.4387i5,(,, etc.) and ACp = Cop!(7LiD) --- 

Copt('LiHj is calculated, the curves given ~a Fig. 6.42 
result. ?'he points in Fig. 6.42 are experimental lieat 
capacity differences taken from smooth curves through 
the experimental heat capacity data rind represent ACp 
= C,('LiD) - C,('LiHj = Copt(7LiD) - Copt(7Li~~).  
It is seen that the curve derived from Verble et al. (solid 
line, Fig. 6.42) is consistently above the experimental 
data, whereas that of Jaswal and Hardy (dashed line) is 
consistently below. 

If frequencies which axe averages between those 
obtained from Verble et al.' and Jaswial and Hardy' are 
employed in the calculation outlined above, there 
results the theoretical curve shown in Fig. 6.43. Tile 
curve shown is based upon the following: 7LiD, E,, = 

- 

- 

562 cm- ' ,GLO = 755 cm-' ; 'LiN, GT[> = 792 cm- ' ,  
uL0 = 1040 cm-'. The theoretical curve reproduces 
the experimental data quite well, and, in what follows, 
these frequencies will be employed with Ey. ( I )  to 
calculate that portion of the heat capacity of 7LiD and 
7L1tl arising from the optical vibrational modes. 

To extract from the heat capacity data that portion 
which arises from the acoustical vibrational modes, it  is 
necessary to have, in addition to the contribution due 
to  the optical modes evaluated above, a measure of the 

I 
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Fig. 6.42. Low-temperature lieat capacity differences of 
lithium hydride. The points represent the experimental dif- 
ference in molar heat capacity, AC = C'P(7iX>) - -  Cp(71,iIl), P 
taken from smooth curves. The curves are theoretical ones for 
the difference in the optical-mode vibxationdl heat capacities 
based upon the frequency distribution curves of Verble et al. 
(ref. I) (solid curve) and Jaswal and Hardy (ref. 2 )  (dashed 
cmve) . 
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Pig. 6.43. Theoretical average (curve) and smoothed experi- 
mental (points) heat capacity differences of lithium hydride. 
The points represent the experimental difference in molar heat 
capacity, AC> = C (7LiDj -- Cp(71,iIi), taken from smooth 
curves. The curve is a theoreticd one for the difference in the 
optical-mode vibrational heat capacities based upon four fre- 
quencies which repre3ent averages of the optical branches of the 
frequency distribution curves of Verble et al. (ref. 1) and Jaswal 
and Hardy (ref. 2). 

P 
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dilatioii correction, Cp ~ C,, to place the heat capaclty 
data on a constant volume basis. The dilation correction 
is given by the thermodynamic relation: Cp - C, = 
a2 VT/P, where Q is the volume coefficient of thermal 
expansion, V is the molar volume, and 0 is the 
isothermal compressibility, all at tcrnperature T. For 
the temperature dependence of the correction, the 
relation Cp ~ C, = ATCp2 was used, where A is a 
constant based upon the Gruneiseri relation' for CY. 
The value of A for each salt was evaluated from a,  V ,  
and 0 at room telilperatuie; the a's were taken from 
Bruckner et al.,' ' the molar volumes from Andcrson et 
al.,' and the compressibilities from Stephens and 
Lilley.' Thcse data give A = 2.083 X and 1.826 
X lo-' mole cal-' for 7LiH and 7LiD respectively. 
Below approximately 1 OOOK, the correction is negligi- 
ble and amounts to about 4.5% at room temperature. 

'The heat capacity attributable to the acoustical 
vibrational modes, Cacoust, was obtained by applying 
the equation: 

cacoust - cp ~ A T C ~ '  - copt , (2) 

where Cp is the experimental heat capacity at tempera- 
ture T, the sccond term is the dilation correction term 
discussed above, and the last term is evaluated by Eq. 
(1) using the adopted average uptical frequencies. 'l'he 
Debye approximation for heat capacity is applicable to  
the acoustical heat capacity:' consequently thc 
Cacoust results were used to calculate the Dehye theta 
(characteristic temperature), OD, as a function of 

temperature from the equation 

where D(O,/T,) represents the Debye beat capacity 
function for a single degree of freedom. The results are 
presented in Fig. 6.44. 

The e,(acousI) curves of Fig. 6.44 exhibit seveial 
interesting features. The overall agreement of the two 
curves confirm the frequency distribution curves of 
Verble et al.,' namely, that the two compounds have 
quite similar acoustical branches or vibrational fre- 
quencies.' Second, the e,, is remarkably constant O V ~ I -  

the temperature range 100 to 300"K, which indicates 
that the Debye appioxiniaiion of the acoiistical fre- 
quency branch is quite good in this temperature region. 
A single aveiage value of BI,(acoiist) = 593 i 5" for 
7LiII and 603 i 3" for 7LiD reproduces the heat 
capacities on the average to 0.6 and 0.4% respectively. 
Finally, thc rapid 1-ise of 0, below -80°K is typical, 
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Fig. 6.44. The Debye characteristic temperature vs tempera- 
ture, derived from the acousticalmode vibrational heat cx- 
pacities (three degees of freednm) of 7LiH (solid curve) and 
7LiD (dashed curve). i'he dotted portion of the cuive below 
30°K is an extrapolation. 

the behavior in the low-temperature region being 
dependent on the low-frequency modes of the acousti- 
cal branch.' ' 

If the Debyc heat capacity function is used to 
represent the totad heat capacity at constant volume, 
that is, Cv = Copt -1-  Cacoust = Cp ~ ATCpz = 
6D(6,/73, then the temperature dependence of 8, is 
that given in Fig. 6.45. The variation with temperature 
is uniisually large, especially for 71LiH (-35% between 
maximum and minimum). Examination of the fre- 
quency distribution curve' of thc latter reveals the 
explanation for this behavior, namely, that there exists 
in the distribution curve a large gap between the 
acoustical and optical branches where no lattice vibra- 
tional frequencies occur, and consequently the simple 
distribution function of the Debye theory is a very poor 
approxinration for this frequency distribution. 

In spite of the approximate nature of the Debye 
theory, there are occasions in solid-state theory where a 
mean ca!oriiiie tric value of the Debye characteristic 
temperature is useful. The mean Debye characteristic 
temperatures, computed from the 0, vs T curves of 
Fig. 5.45 using the equation 

- 1 A T  

- 
are: OD(71.,iH) = 953°K and QD(71,iD) = 878°K. 
Earlier estimates for LiH and LID (normal lithium 
-7Li) by UbbeloInde'6 are 815 and 61 1"KrespectEvely. 
Gibb and Messer' estimated e,(L,iIZ) to be as high as 
920", which i s  seen to be a good estimate. From the 



17 1 

50 100 150 200 250 300 
T. "K 

Fig. 6.45. The Debye characteristic temperrlure vs tempera- 
ture, derived from the hait  capacities at ronrtant volume (six 
dqrees of freedom) of 71,iH (solid curve) and 7LiD (dashed 
curve). The dotted portion of the curve below 30°K IS an 
eXtldpohtlon. 

lieat capacity data of Kostryukov,' H,(LiH) = 936°K 
was calcdated. His curve of O,, vs T agrees reasonably 
well with ours above 70"K., but I~elow this temperature 
there is a large disagreement, tiis OL3 curve rising only 
slightly below 70" to give B,,(O"K) = 850°K. 

The entropies of the two cornpounds at 298.15"' are 
calculated by the third law of thermodynamics to be: 
S"298. ,5(71iD)  = 5.645 cal deg-' Inole-' and 
S",,,~,,(7LiHj = 4.871 cal def '  mole- ' .  Tlie en- 
tropies of formation are -18.642 and ---17.721 cal 
deg-' mole -' respectively. Entropies o i  H2 (g), I).&), 
arid Li(c) required were taken froin the JANAF 
IT'ables,' the value given f o r  lithium being increased by 
0.032 caP deg-" mole-' t o  lake into account the niass 
difference between normal Lithium and Li. 'The tnost 
reliable enthalpies of formation for the two compounds 
may be obtained from the data of Gum1 and Green.lg 
They have determined, for normal lithium, the results: 
AHof(I,iD) = -21,784 cal/mole and Mof(I,iHj = 
-21,666 cal/mole. It is assumed that the difference 
between these results arid those that would be obtained 
using isotopically pure 7Li is negligible. The free 
energies are, therefore, AF",-(71,iD) = -- 16,224 cal/mole 
and Ab"f.('7LiI-C) = -16,382 cai/mole at 298.15"K. 
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ENTHALPIES OF ORTHORHOMBIC AND CUBLC 
LEAD DIFLUORIDE. THE ORDER-INSORDER 

TRANSITION IN THE CUBIC PHASE 

K. A. Gilbert K. H. Busey 

List year' mention was made of the errors discovered 
in the enthalpies of the lead halides due to the use of 
Nichrome V capsules evert though these capsules were 
made from the sume bar. The additiorial measurements 
referred to, using plal in i ini--~ 10% rhodium capsules to 
obtain the necessary corrections, trave been completed. 

With the help of C. W.  Nestor o i  the Mathematics 
Division, equations have been developed for the heat 
capacity of the cubic form of PbFz using exponential 
functions which when integrated lead to a fit of the 
eritlulpy data to an accuracy of0.2%. It, of course, was 
necessary to develop separate equations fot- the data 
above and below the order-disorder transiiior1 tempera- 
ture (71 1 OK,). These equations were extremely useful in 
making corrections for the capsule error to the ortho- 
rhombic data. Data above the transition temperature 
had been obtained which, since the transition is highly 
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irreversible, coi-ild be treated as cubic data. ‘I’hese data 
on the ciibic phase could thus be compared with those 
obtained from the above-nizntioned equations and the 
necessary corrections for the capsnle error determined 
and applied. The orthorhombic data could therefore be 
reconciled and an equation developed for the enthalpy 
of this form up to the transition temperature. 

Although this procedure did not change the previ- 
ously determined temperatures of the orthorhombic- 
to-cubic trailsition (583 f 1°K) and the melting point 
(1 103”K), it did make some minor changes in the values 
of the transition anthalpies. The heat of transition was 
revised to 365 cal/mole and the heat of fusion to 3490 
cal/mole. ‘The entropies of transition and fusion then 
become 0.63 and 3.16 cal deg-’ mole-’ respectively. 
The new. data on the cubic PbF, agree within about 
0.4% with the previous data. The heat capacity derived 
agrees quite well with the previously derived curve;’ the 
extcnsive equations mentioned above employed to fit 
the data are available but will not be presented here. 
The following enthalpy equations were developed to fit 
the remaining data on PbF,. Orthorhombic phase 
(273.15 - 583°K): 

1I,-KKI,,,~,, =3.0718 X 10-3T2 

+ 15.819T- 4550.2.  

Liquid phase (1 103 - 1 150°K): 

A previous estimate’ of the entropy change associ- 
ated with the order-disorder transition exhibited by 
cubic PbF2 was made by the “eyeball and spline” 
technique to estimate the “normal” heat capacity. 
Raman3’4 and infrared4 spectral data are now available 
giviiig information on the lattice vibrational optical 
modes of cubic PbFz. ‘These data, together with other 
information available in the literature, permit a superior 
and unbi-ased estimate to be made of the normal heat 
capacity through the region of interest. 

The symmetries of the normal modes of the vibration 
of the three atoms jn the primitive cell of cubic PbF, 
are givzii by the irreducible representations 2F1 t F z g .  
One of the triply degenerate F1 representations 
corresponds to the acoustical branch, and the other F l u  
species is split into a doubly degenerate transverse 
optical mode, w . ~ ~ ,  and a nondegenerate longitudinal 
optical mode, q0. The mode of symmetry F Z g  is a 
triply degenerate Raman-active vibration with fre- 
quency wR.  The optical frequencies have been observed 

to be:3,4 w.po = 106 cni-’ ,  338 cm-’, and 
wR = 257 cm-l , or 152, 485, and 370°K respectively. 

For 1 mole of PbF, (single crystal) there are 9N 
vibrational modes (N = Avogadro’s number) distributed 
among 31%‘ acoustical modes and 6N optical modcs. For 
the purpose of calculating the heat capacity at constant 
volume, C,, we will assume (1) that the frcqumcy 
distribution of the 31v acoustical modes niay be 
represented by the simple Debye frequency distribution 
giving a term 30(8./T) in the heat capacit-y, where 
D(BD/T) represents the Debye heat capacity function 
for one degree of frecdoni with a Debye characteiisiic 
temperaiure e,, and (2) that the 6iQ optical mode 
frequencies m y  be represented by the three optical 
frequencies wTo, aLO, and oR (with degeneracies 2, 
1, and 3 respectively), giving in the expression for the 
heat capacity the terms 2E(OT0/T) t E(O,,/T) + 
3E(BR/7‘), where E(OTO/T) represents the Einstein heat 
capacity function for one degree of freedom with Bvr0 
(Einstein characteristic temperature) being the above- 
mentioned frequency in degrees Kelvin, etc. 

To obtain the heat capacity at constant pressure, C 
P’  

which is the experinientally observed quantity, it wdl 
be necessary to include in addition to the above 
harmonic contributions the anharmonic correction term 

Cp C, = cy2 VT/O, where a is the volume coefficient of 
expansion, V the molar volume, and 0 is the isothermal 
compressibility, all at ternperature T. At room tempera- 
ture the term was evaluated tising LY = 8.64 X lo-’ 
deg-’,’ V = 31.55 ml,5 and f l  = 1.64 X lo-’’ 
cm2/dyne calculated from the elastic constants.6 Above 
room temperature the correction cp ~ C, = AT(C,,)’ 
was used, where A is a constant based upon the 
Griineisen relation for a and was evaluated from the C’ 
- Cv correction at toom temperature, giviiign = 1.255 
X IO-’ moIe/cal. 

Using for the Debye characteristic temperature O D  = 
22 1 “K, based upon the elastic constants,6 the heat 
capacity equation for cubic PbF, thus becomes 

where C, in the first term on the right ic equal to the 
slim of the last four terms. The equation reproduces the 
heat capacity derived from thc enthalpy determinations 
to within 0.5% over the temperature range 273.15 to 
400°K. Since the experimental heal capacities are not 
known any better than this, the fit is considered 
excellent. The equation gives C - 22.15 cal deg-’ 
mole-’ at the niclting point ( 1  l%3”K), the calculated 
heat capacity curve being slightly concave downward. 
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The entropy of the order-disorder transition may now 
be estiniated based upon the experimental entropy 
change for the temperature intervd of interest and the 
calculated entropy change for the same interval based 
upon Eq. ( I ) ,  or an equivalent one for entropy utilizing 
Debye and Einstein entropy functions. From the 
experimental enthalpy data on cubic PbF,, we have 
derived S i I o 3  .-- S273.1$ = 30.34 cal deg-' mole-'; 
the calculated entropy with no transition is 26.96 cal 
deg-' mole-' for the same interval, which leads to 
AStraAs = 3.38 caI deg -' mole -' . 

The order-disorder transition in cubic PbF, giving rise 
to a cooperative-type heat capacity anomaly' arises 
from a positional disordering of the fluoride ions within 
the lattice. Reference here is to an essentially complete 
disorder, not to intrinsic defects or disorder such as 
Schottky and Freiikel defects which are treated theo- 
retically by the Schottky-Wagner theory7 where the 
;issumption is made that the number of disordered ions 
o r  particles is small compared with their total number. 
The existence of the cooperative heat capacity anomaly 
in PbFz precludes application of this theory. We wish 
io consider what configuratiorial entropy to expect if 
the fluoride ions become disordered by being distri- 
buted between their riorrnal site positions in the fluorite 
slructure, '14); F. C., and the vacant site 
positions 'I2, j ;  F. C., with no disordering of the 
lead ions at (0: 0,  0 ) ;  F. C. positions. Two degrees of 
disorderirig are considered: 

I .  In the unit cell of the ordered state, there are eight 
fluoride ions and four vacancies, or for  every pair of 
fluoride ions there is a vacancy. If in the disordered 
state we limit the disorder to  the ex tent that a vacancy 
is always associated with a pia- of fluoride ions, then a 
given pair of ions may be distributed over the three sites 
in three ways, the next pair in three ways, etc., giving 
for N pairs (N is Avogadro's number) a total of 3 N  
configurations. The configurational entropy in this case 
is, then, k hi j N  = R In 3 = 2.18 cal tleg-' mole-'. 

2. If  the above restriction is removed, ttieii the 
number of configurations is considerably increased. 
7hus the number of ways that 2N tluoritle ions and N 
vacancies can be distributed over 31V lattice sites is 
(3N)!/(2N)!N!. The configurational entropy is theti k In 
[ (3N)! / (2N)!N!]  , and making use of Stirling's approxi- 
mation, this beconies k(3N In 3N - 2N In 2N - - -  N In N) 
= k(3N In 3 - 2N In 2) = R In (27/4) = 3.79 cal deg-' 
mole -' . 

f t  would seem that this latter disordered state (2) 
would not ever be fully developed because of the highly 
energetic configurations that are counled. 

The entropy of transition, AStrat,s = 3.38 cal deg-' 
, contains, in addition 1.0 t t ie configurational 

en1 ropy of disorder, contributions from a change in 
entropy associated with an alteration of the lattice 
vibrational frequency spectrum8 and from a change in 
entropy attributable lo an abnormal variation in com- 

pressibility, ccxfficient of expansion, and/or volume 
which would be reflected i n  the tlilal.iou term (Cp 
Cv). Staveley arid Ijiiford' have recently demonstrated 
that even for a first-order transition ;it low temperature 
(-100°K) an :ilkration in the lattice vibrational spec- 
trum at such a transition c o d d  in itself make an 
important contribution to  the entropy of transition. In 
light of these considerations the difference of 1.20 cal 
deg-' mole -' between the estimated entropy of 
transition and the configurational entropy of R In 3 
could well be the entropy associated with the above 
entropy increments; and consequently, the disordering 
of the fluoride ions in PbF2 is niost probably that 
described in ( I )  above. 
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ELECTROCHEMISTRY 

HYDROUS OXIDES OF TECHNETIUM IN 
ITS LOWER VALENCIES 

C H. Cartledge 

As was repoi ted previously,1 when elementary tech- 
netium i s  electrochemically coated with a film of 
Tc(OHj4 and placed in 11, SO4, ;a reveisible electrode 
potential is established briefly. From ttie measuied 
potential over a wide range of pH values and an 
indirectly evaluated free energy o f  formation of 
Tc(OlI), , i t  was establislied that the potential COI-  

iesponds to the couple 

from which the free energy of formation of Tc(OH), 
may be calculated directly. The normalized result 
obtained from nuincrous electrodes gave 199.7 * 0.6 
kcal/mole. which may bc compared with the value 

202 kcal/mole obtluned by coinbiriing the heat of 
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rable 6.16. Free energy of formation 
of vdnous technetium compounds 

Compound AI’”f (kcal/rnole) 

-. . . . .- 

~ ~~ 

TcOI-I -56.0 

Tc(OH) 2 110.1 

TC304  -206.1 

Tc(OH) 3 -157.3 

Tc407 316.6 (?)a 

Tc(OW4 -199.7 
.I ....__....l.l___ ~ ............. ~ -. . . . . . ._ 

‘Uncertainty in identification of obselved couples. 

combustion of technetiurn to pertechnic acid’ with the 
electrode potential of the couple3 

Continuation of the investigation disclosed other 
stationary or pseudostationary potentials which it was 
possible to identify by use of an empirical relation 
between the free energy of formation of oxides o f  a 
given metal in different valence states and the valence 
of the cation. By this means, 15 charactcristic normal 
potentials were established, from which the compounds 
shown in Table 6.16 were identified in films, and their 
free energies of formation were calculated. The results 
provide a direct means for referring free energies of 
other technetium cornpounds to the element. The 
details of the measurelnents and their interpretation 
have been published.‘“ 

1. G. H. Cartledge, Chem. Div. A n m .  Progr. Rep.  May 20, 

2. J. W. Cobble, W. T. Smith, Jr., and G. E. Boyd,.J. Amcr. 

3. G. H. Cartledge and W. ‘T. Smith, Jr., J. Phys. Chem. 59, 

4. G. II. Cartledge, J. Electrochem. SOC. 118, 231 (1971). 

1970, ORNJ.,-4581, p. 124. 

Chem. Soc. 75,5117 (1953). 

1111 (1955). 

ELECTROCHEMISTRY OF TECHNET1 UM 
AND OF IRON CONTAINING TECHNETIUM 

G. HI. Cartledge 

I’he electrochemical behavior of elementary techne- 
tium has been investigated by means of cathodic and 
anodic polarization in sulfuric acid. The electrodes were 
either a fused bead of technetium or the metal plated 
over platinum or gold and freed of oxide by various 
reduction procedures. Cathodic evolution of hydrogen 
on such electrodes was found to give a Tafel line having 
a slope approximating - -40 mV/decade, with an ex- 

change current density of to  A/cmZ, 
depending on the type of electrode irsed. Under anodic 
polarization, the current density remained <I0  -6 

A/cm2 over a 650-mV span from the reversible hydro- 
gen potential to ca. 1-450 mV (S.C.E.). At that point, 
the current density began to rise rapidly as soluble 
HTcO, was formed and increased by four orders of 
magnitude in the next 200 mV. 

The behavior of iron containing 0.1 wt %technetium 
was also studied. Such an alloy has a surface concentra- 
tion of the order of 10” atoms of technetium per 
square centimeter. Before being polarized, the elec- 
trodes were treated with ammoniacal hydrogen per- 
oxide to remove any extractable technetium or its 
compounds and then etched briefly in HC1. Upon 
cathodic polarization of such “clean” electrodes in 1 N 
H 2 S 0 4 ,  hydrogen was evolved with almost the same 
‘l’afel slope as that observed with pure iron. The 
corrosion poteriiial and cori osion current density- also 
were essentially normal. 

Decided deviations from the behavior of pure iron 
were observed in anodic polarization, however. After 
the anodic overvoltage had been increased to perhaps 
50 mV, the electrode became almost unpolarizable in 
that, as anodic dissolution proceeded at  a potentio- 
statically fixed potential, the open-circuit, or corrosion, 
potential steadily ennobled. The effective overvoltage 
consequently decreased as corrosion proceeded. It was 
shown analytically that this effect arose from the 
steady increase in the concentration of technetium on 
the surface. At the end of a conventional anodic 
polarization, the amount of technetium extractable by 
ammoniacal peroxide was of the order of 10’6-101 
atoms/cm2, instead of the original I O ’  * . 

When an electrode having such an enrichment in 
technetium was next polarized cathodically, the Tafel 
slope WJS numerically smallei arid the overvoltage for a 
specified current density was reduced by about 70 mV. 
Both changes correspond to the shift of the surface 
conditions in the direction of pure technetium. 

In studies of the passivation of the iron alloy, it was 
found that the presence o f  technetium makes anodic 
passivation somewhat more difficult than that of pure 
iron and that the “passive” corrosion current density 
above the passivating potential is of the order of 
A/cni2, or some 250 times gi-eater than that of pure 
iron. It is believed that this difference is due to the fact 
that formation and further oxidation of technetium 
hydrous oxides begin to  occur in just  the region of 
potentials in which normal passivation of iron occurs. 
Such processes should be expected to interfere with the 
forrimtion and supeicharge’ of the pore-free film 
associated with full passivation. 
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The results of these studies have been submitted for 
publication. 

_l_.-_l 
1. C .  H. Cartledge, Corrosion 24, 223 (1968); Chkiia 23,450 

(1969). 

ELECTROCHEMICAL BEHAVIOR OF TITANIUM 

E .  J .  Kelly 

The effect of electrode potential on the curretit 
density corresponding to the steady-state rate of disso- 
lution of titanium’ to form Ti3+ ions in I12-saturated 
acidic sulfate solutions was described in an earlier 
report.[ For comparative purposes, typical results 
obtained iri 1 N I-I,S04 are shown in curve A o f  Fig. 
6.46. Titanium undergoes spontaneous active-state dis- 
solution in this medium at  a corrosion potential of  
-4.740 V vs S.C.E. As the potential is made increas- 

ingly positive, the anodic current density corresponding 
to the dissolution reaction rises to  a maximum (im) at 
the “critical potential” (Enl) and then decreases as the 

D ,  t = 4OOpsec 
E ,  t - 2 5 0 p s e c  

0.1 L _ _ _ L _ _ L _ _ L I L L o . , o  
-0.35 -0.40 -0.45 -0.50 -0.55 -0.60 -0.65 -0.70 

POTENTIAL (volts) vs S.C.E. 

Pig. 6.46. Anodic polarization current for titanium disso- 
lution as a function of time at constant potential in 1 iVH2SOa. 
T = 30°C 

metal i s  transforined from the active to the passive 
state. 

On the basis of the form of the steady-state polariza- 
tion curve (A>,  the effect of pH 011 the curve (in 
particular, the observed effects of pH on i,n andk’, j,] 
the effects o f  added halide ions, the absence of stirring 
effects, etc., a reaction mechanism for titanium dissolu- 
tion analogous to that observed h i -  other tiietals (such 
as Fe, Co, and Ni) which undergo active-state tlissolu- 
tion in acid media may be proposed. The mechanism of 
active-state dissolution of iron in acidic sulfite solutions 
is represented by Eqs. ( I )  atid ( 2 ) ,  

(FeOfi),d + (FeOH),’ t e--  (rate-detexmining) , (2) 

where the oxidation process consists of a series of 
one-electron charge-transfer reactions, with the sub- 
valent Fe’ existing only as  an adsorbed reaction 
intermediate.2 It is proposed that the dissolution of 
titanium follows the same general reaction scheme as 
iron (Co, Ni, etc.), with the metal being oxidized in a 
sequence of one-electron charge-transfer reactions re- 
sulting in the formation of an adsorbed intermediate for 
each of‘ the lower valence states of titanium (Ti+, Ti2+) 
and, in the last step, Ti3+ ions in solution. Although 
such :i mechanism is consisletit with the observed 
steady-state data, the latter alone do  not permit 
exclusion o f  all other mechanistic possibilities. Conse- 
quentlyt a complementary study of the t ransietit 
polarization behavior of titanium was inititated during 
the past year. 

In the transient polarization studies, the potential of a 
titanium electrode relative to  a reference electrode E is 
suddetily (<2 psec) shifted from an original steady-state 
value to a second constant value by means of a fast-rise 
potentiostat. The time-dependent current a t  the new 
potential is displayed on an oscilloscope arid recorded 
on film. A typical current-time transient is shown in 
Fig. 6.47. In this particular example, the titanium was 
initially in a steady state a t  E, (cf. Fig. 6.46), and the 
potential was then suddenly changed by +40 mV. 
Although it has riot been possible to analyze completely 
sucli a complex transient (for reasons which will 
become apparent), considerable progress toward this 
end has been achieved. Let i j  represent the current 
corresponding to the titanium dissolution reaction, that 
is, the so-called Faradaic or charge-traiisfer current. The 
observed current, i, is given by 

i = if+ ic , (3  
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i POTFN-I I A L  OF PREVIOUS 
STEADY-STATE = t, 

A E =  t40 rnv  E 5.0 
x 
E 

- 3 5  

0 - 4 5  

-5 0 

s 

........ 

-5 - 4  -3  -2 -i 0 1 2 3 4 
LOG T I M E  (seconds) 

Fig. 6.47. Potentiostatic current-time transient for titanium 
in 1 1’V II2SO4. 

where ic, the current associated with charging of the 
electrical double layer at the metal-solution interface. is 
given by 

i, = C(dV/d f )  . (4) 

In Eq. (4), C is the double-layer capacity and V is the 
interfacial potential difference. The potential of the 
titanium electrode with respect to  the reference elec- 
trode, E ,  is given by 

where X, is the resistance of the solution between the 
titanium and the reference electrode probe and /3 is a 
constant. A third electrode, the “counter electrode,” 
serves only as a return for i. The electrochemical 
behavior of titanium is described by Eqs. (3) to (5). 
Under potentiostatic conditions, dE/dt = 0 and the 
relationship of i to t is given by 

d2i 1 di 1 dif 

dt2  R,C d t  R,C d t  
-+- -= .............. 

If if were constant, for example, Eq. (6) could be solved 
immediately for i as an explicit function of t .  
Unfortunately, if depends on the particular reaction 
mechanism and is a function not only of V but also of 
the concentrations of the surface intermediates. Thus, 
an analysis of a transient such as that shown in Fig. 
6.47 in the sense of solving Eq. (6) is not possible for a 
complex reaction such as titanium dissolution. Instead 
one must attempt to break down the overall transient 

curve on the basis of the wide differences in the rate 
constants for the various reactions involved in the 
dissolution process. 

It should be emphasized that it is only E which can be 
measured (or, in the potentiostatic case, controlled), 
whereas it i s  V (interfacial potential difference) which 
affects the rates of electrode reactions. The latter may 
be expiessed in terms of E by making the iR, correction 
indicated by Eq. (5). To determine R,, one notes that 
since (AV),,, 0, 

‘The current at t = 8,  following a change (LIE) in E ,  may 
be readily obtained by extrapolation of the current-time 
curve to t = 0. The ability to obtain current-time data in 
the microsecond region makes this an attractive nrethod 
for determining R,. Moreover, since R, = k / L ,  where L is 
the specific conductance of the solution and k is a 
constant which depends only on the system geometry 
(a cell constant), one may use the potentiostatic 
voltage-step technique to  measure specific conductance, 

ORNL- DWG. 71-5940 
..... r ...... r-II_I.-I- 

.... I ........ I 1  ......... I - - U  
-60 -40 -20 0 20 40 60 

AE (mv) 

Fig. 6.48. Test of Eq. (7) for the determination of solution 
resistance. 
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k being determined by measuring R, for a standard KC1 
solution. The development of this technique as an 
alternative to the usual ac-bridge method for measuring 
specific conductance is described in the following 
report.3 According to Eq. (7), (Ai)r:-o should be a 
linear function of M. 'This is shown to be the case by 
the data presented jn Fig. 6.48. Figure 6.49 shows the 
initial portions of current-time curves for transients in 
which the states prior to the shift in E' (+40 mV in all 
cases) corresponded to steady states at various poten- 
tials along curve A of 'Fig. 6.46. Since R,? and aE were 
the same in each case, Airzo (s is seen to be 
constant, in agreement with Eq. (7). 

A second point to be emphasized is that it is if, arid 
not i which is the relevant current in the analysis of the 
reaction mechanism. In the steady state, dV/dt = 0 ,  
and, according to Eqs. (3) and (4)> i = if. During a 
iransient this is not the case, and one encounters the 
problem of ext.racting if- from i. One may determine I/ 
as a function of t as described above and, from the 
slope of V vs t ,  determine i, and if if C is known. In the 
present studies, ic becomes insignificant for t > I msec. 

ORNL-OWL; 71-5941 
' o " F 1 - r '  

For t < 1 rnsec, both ic and if are significant parts of i .  
Curves U ,  C, D, and E' in Fig. 6.46 correspond to the 
currents shown in Fig. 6.49 at t = 20, 50, 100, and 250 
psec respectively. The appearance of a maximum in 
these curves at Em demonstrates that a very fast 
Faradaic process is occurring a t  a significant rate 
simultaneously with t.he double-layer charging process. 
While it has been possible to analyze the latter stages of 
the current-time transients in ternis of the proposed 
reaction mechanism, i t  has not yet been possible to  
isolate and analyze Ihis initial fast process. The effect of 
pfl on the current-time cufves may aid in t h e  analysis. 
Finally, it should be noted that llie current-time 
transients have been found to be independent of stirring 
from t = 0 to steady states; consequently, rate control 
by mass transport in the solution phase is not a factor 
in the transients for titanium, in contrast to those for 
iron. 

1. E. J. Kelly, Chern. Div. Annu. Progr. Rep ,  M q  20, 1970, 

2. E. J. Kelly,J. Electrochem. SOC. 115, 1111 (1968). 
3 .  E. J .  Kelly and H. R. Kronstein, "Potentiostatic Method 

for the Determination of Specific Conductance," the following 
contribution, this report. 
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y1 w AE = + 4 0 m v  IN ALL CASES - tiostatic voltage-step technique was employed, i s  de- 
(u - scribed in the preceding contribution1 (hereinafter 
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a 
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E 
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n 
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E referred to as I). During the course of that study, it 
soon became apparent that the same technique could be 
used to  measure the specific conductance 4 an elec- 
tiolyte. [n the potenliostatic method, the potential of a 
test electrode with respect to a reference electrode is 
suddenly changed from an initial value ( E , )  to a 
second, constant value (E2 ), arid the resulting current- 
time transient at E2 is displayed on an oscilloscope and 
recorded 011 film. From an extrapolation of the 
current-time curve in the microsecond time region to t 
= 0, one obtains the quantity ( iz ) r -o ,  the cuirerit at the 
potential E, for t = 0. As shown in 1, the resistance of 

- - ._ 
-. 
z w 

iT 

0 1.0 

01 I - - I _ I  I the electrolyte between the test and reference elec- 
o 20 40 60 80 io0 i 2 0  140 trodes,&,isgiven by 

TIME (ptsec) 

(1) 
h2 - E ,  - AL? 

( i z h = o  - i l  ( A i ) t _ ~  ' 
Fig. 6.49. Effect of inithl steady state on potentwtatic R, = 

current-time transients for titanium in 1 N HzS04.  
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Since K ,  = k/L,  where L is the specific conductance of 
the solution and k is a constant which depends only 
upon the geometry of the system, one may determine 
the specific conductance from measured values of R ,  
and k .  The cell constant, k ,  is determined by measuring 
R,  for a reference electrolyte, usually a standard KCI 
solution; alternatively, of course, one could employ a 
known geometry to  determine k .  

In addition to  certain tests described in I, the 
potentiostatic method was tested by determining the 
equivalent conductances bjf aqueous KC1 solutions at 
25°C in the concentration range from approximately 

to lo-’ M and comparing the results with the 
generally accepted value obtained by use of the usual 
ac-bridge method.2 ‘The 0.2% maximum deviation in 
the results obtained by the two methods (Fig. 6.50) is 
entirely within the limitations imposed by the oscillo- 
scope employed in the studies and does not reflect an 
inherent error in the potentiostatic method. The latter 
method has certain distinct advantages over the conven- 
tional ac-bridge method, such as elimination of ambig 
uous “frequency effect” corrections resulting from the 
Faradaic component of the current, that is, from 

..... ....... L...! ............. 1 . I  1 I 
0.05 0.10 0.15 0.20 0.25 0.30 0.35 ................. ~ 

.i CONCENTRATION (equiv/ liter) 

Fig. 6.50. Equivalent condiictance of aqueous KCI solutions 

electrode polarization effects, and elimination of the 
need to use platinized platinum electrodes; indeed, 
corroding titanium electrodes worked equally well. 

In view of its simplicity, as well as the advantages 
cited above, the potentiostatic method should prove to  
be of special value in determining specific conductances 
of molten salts. To test its applicability to such systems, 
the specific conductance of molten KNQ3 at 353°C was 
measured and found to  be 0.679 !2-’ cin-’, in 
agreement with the results obtained by the ac-bridge 
and dc methods.314 Measurements at higher tempera- 
tures showed an error arising from the enhanced 
conductivity of the soft glass of the conductance cell. A 
quartz cell will be used in future studies to  eliminate 
this error. 

The potentiostatic method requires evaluation of the 
quantity (i2)1- by extrapolation of the current-time 
curve at the potential B2 to t = 0. Since the rise time of 
the potentiostat is -2 ysec, a problem arises if the 
current decay is too rapid. If Eq. (6) of 1 is solved for 
the case where (dV/dif)  = R f ,  a constant Faradaic 
resistance, the current transient is described by 

where i _  is the current in the new steady state ( t -w)  
and io = ( i 2 ) I - o  is the current at t = 0. It is evident 
from this equation that, for a capacity (C) of 20 pF, a 
solution ]resistance less than 1 CL resiilts in too rapid a 
current decay. Specific conductances are very high in 
molten-salt systems, and consequently a capillary is 
used to increase R, and thus obtain a suitably slow 
current decay. 

-. 
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HYDROGEN PRODUCTION WITH A SUSPENSIION 
EL,EI:’TKODE IN A FLOW CELL’ 

R. E. Meyer P. M .  Lantz F .  A.  Posey 

Some preliminary experiments on the properties of 
the suspension electrode as an efficient device for 
production or oxidation of hydrogen in aqueous media 
were presented in a previous report.* In addition, a 

vs sqiraxc root  of concentration at 25°C. simplified theoretical model was developed which ex- 
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plains a number of the principal experuneiltal observa- 
tions.3 A suspension electrode consists of a finely 
divided, coiiducting catalytic material (Pt or Pd black, 
Raney Ni, etc.) suspended in a solution of stiong 
electrolyte. The catalyst particles are charged b y  mter- 
mittent contact with a stationary electrode or airdy of 
electrodes Contact may be effected either by stiriing 
thc: suspended particles or by flow of the suspension 
past charging electrodes fixed in a channel I t  lids been 
found that cei tain electrode piocesses may be carried 
nut on a suspension electrode with htgh current output 
at modest overvoltages. Some ot the important param- 
eters which affect current output are the amount of 
catalyst malerial suspended in the electrolyte and the 
rate arid mode of stirring, which irifluerices the late of 
particle impact with the charging electrode.2 More 
recently we have irivestigated the operation 01 a flow 
cell designed for relatively high current output. T h s  
cell contains an array of charging electrodes through 
which the suspension can be pumped at  varioub 
velocities. A desciiption of the cell and its opelation 
and some ot the principal ubservations are presented 
below. 

A schematic diagram of the flow system constiucted 
tor use with the suspension electrode is shown in Fig. 
6.5 I .  The slurry, consibting o f  particles of Kariey nickel 
catalyst suspended in I N KOH, \va> pumped through 
the two compartments ot the flow cell ( A  in Fig h 5 I )  
by use of magnetic impeller plastic centrifugal pumps 
(B) After passage upward through tlie cell (details 
described below) the suspension was discharged into 
vented glass reservoirs ( H )  located seveial feet above 1 tie 
cell. Continuous recycling of the suspension was accom- 
plished by connecting the reservoirs to the intakes of 
ihe pumps. The flow rate of the suspension through the 
cell half which contained nickel charging electiodes was 
controlled by means of a bypass line and clamp (E) and 
by a resistance control on the pump motor. The flow 
rate of the suspension was monitored by use of 
Lalibiated glass staridpipes containing a number of holes 
( I )  and iricoipordted into the reservous. Constant 
ternperdture of the suspension entering the cathode side 
of the cell was controlled by use of a glass condenser 
(D)  In oider to expedite removal of dissolved atmo- 
spheric oxygen at the start of an experiment, hydrogen 
gar (F)  was bubbled through the suspension tn the 
reservoii and discharged through a water tiap (G). 

Current W'IS supplied by a regulated-voltage power 
supply (160 V, 4 A). Saturated calomel reference 
electrodes (C) bridged into the cathode and arivde 
Ltieams in the cell were used to monitor the potential 
ot the charging electrodes. blectrode potentials were 

measured by use o f  an electrometer, and applied 
current and electrode potrntial were recorded on a 
sirip-chart recorder. 

Details of the flow cell ale shown in Fig. 6.52. The 
two halves of the cell were machined from Lucite with 
a 45: X 'I2 X i/8 In. depression milled into each half. 
The ends of the deptessions were tapered to match inlet 
and outlet tubes (3/i6 in. diameter) which entered 
obliquely at each end of the cell. Seven electrodes 
[nickel for the cathode side ( A )  and platinum for  the 
dnode side (D)] passed through each cell half pel pen- 
dicular to the direction of flow (cf F and G in Fig. 
6 5 2 )  and were sealed into tlie cell halves with epoxy 
cement. The clectrodes, 0.041 in. in diameter, were 
spaced in. apart in the channel. The cuinpaitments 
were sepatated with a 0.004-in.-thick membrane (C) of 

OFINL-GAG. 70-41 71 
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SCHEMATIC DIAGRAM OF FLOW SYSTEM 
FOR SUSPENSION ELECTRODE 

A, Flow cell. E, Pumps. C, Reference electrodes ond 
chambers. D, Heat exchanger. E ,  Byaass line clamp 
for flow control. F, Inlet for H7 gas. 
H, Slurry reservoirs. I, Flow monitors. 

G ,  Gas outlet. 

Fig. 6.51. Schemrtic dugram of tlow system tor suspension 
electrode. A ,  flow cell, 8, pimps; C, reierenrc eleLtrodcs And 
chamber$; D, heat exchanger; b ,  bypa\\ line clamp for flow 
control, F, inlet for H2 gas; F ,  gas outlet, H, 4urry rebervoirC. I ,  
flow monitor\. 
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f L O W  CELL FOR SUSPENSION ELECTRODE 

A, Hal f  cell with nickel wire electrodes. 
E, Rubber gaskets, C, Dacron membrane. 
D, Hal f  cell with platinum wire electrodes. 
E, Ports to reference electrodes (S.C.E.) . 
F, Nickel  electrodes, G ,  Platinum electrodes. 
H, “0”-r ing gasket .  

Fig. 6.52. P b w  cell €or suspension electrode. A ,  half-cell with 
nickel wire electrodes; B, rubber gaskets; C, Dacron membrane; 
D, half-cell with platinum wire electrodes; E, port? to reference 
electrodes (S.C.E.); F; nickel electrodes; G, platinum electrodes; 
H, O-ring gasket. 

Weblil, a nonwoven Dacron (The Kendall Company, 
Walpole, Massachusetts). Thin rubber gaskets ( R )  were 
used to seal the niembiane into the cell, and a rubber 
“0”-ring gasket (If) was used in assembly of the cell. 
Two reference electrode capillaries (E)  were provided in 
each cell half. ‘These capillaries terminated within ’I1 
in. of the surfaces of electrodes 1 and 5,  counting from 
the inlet ends of each half. The capillaries were 
connected with tubing i o  separate compartments con- 
taining saturated calomel reference electrodes (cf. C in 
Fig. 6.5 1). 

Previously it was found that, of several finely divided 
catalytically active metals, Kaney nickel was most 

effective as a suspension material in the enliaiicement of 
the hydrogen evolution reaction in 1 N KOH. This 
property may be due principally to the large internal 
surface area of the porous particles of Raney 
Activated Raney nickel catalyst was prepared from 
sized particles e 3 5 0  mesh) of nickel-aliminurn alloy 
powder and stored in iefrigerated absolute ethanol until 
needed. 

Fig. 4.53 shows a number of current-voltage curves 
for the hydrogen evoliition reaction on the suspension 
electrode. The total geometrical surface area of the 
seven nickel wire electrodes used in the cathode 
compartment of the flow cell was ca. 2.5 cm2. One 
notes that at the highest catalyst content (70 g of 
Raney Ni in 275 ml of 1 N KOH at  25°C) the current 
output of the cell is greater than 1 A/cmZ (ca. lo3 
A/ft*), calculated with respect to  the area of the 
charging electrodes, at only 300 mV overvoltage. Thus 
the flow-cell configuration of the suspension electrode 
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Fig. 6.53. Effcct of overvoltage and catalyst content on 
output of suspension electrode at optimum flow rate. 



18 1 

is a very efficient device for the generation of electro- 
lytic hydrogen. Still gieater current output could be 
obtained by use of a more concentrated electrolyte 
(e g.. 6 N KOfl), with higher catalyst contents, and by 
oper~t ion at elevated temperatures 

The data of Fig 6.53 represent the enhancement of 
the output cuiieut due to  addition of Kaney Ni 
utalyct A background current, due to the hydxogen 
evolution on the nickei charging electrodes in tlie 
absence of the catalyst, wds subtracted fiom all the data 
of Fig 6.53. Precise determination of ttie background 
current presents certain difficulties, however Impinge- 
ineiit of catalyst particles upon the charging electrodes 
eiodes the burfaces and increases tlie surfdce area dnd 
therefore the background current with time. More 
consistent iesulh :ire obtained, particularly at low 
catalyst contents, by use of charging eleLtrodes which 
have been exposed prevlously to the flow of suspended 
particles fur d considerable length of time 

It may be seen from the data in Fig. 6.53 that current 
output appears not to be a linear function ot catalyst 
content There a-e a number of reasons fw this First of 
all. there exists foi each amount of catalyst a11 optimum 
flow rate for which the current output is a maximum 
The data 111 Fig 6.53 represent the maxiinuni current 
output obtainable froin our cell configuration as a 
function of catalyst coii~eiit Maximum curlent output 
implies maximum frequenLy and efficiency of contact 
of suspended paiticles with the charging electrodes 
Some of the faLtois which affect contact frequency are 
[lie hydrodynamic conditions within the cell, the 
presence of an ,ippreciable void fraction of hydrogen 
gas bubbles in the liquid phase due to tlie great rate of 
hydrogen production, and the existence of a “clump- 
ing” phenomenon with respect to thz catalyst particles. 
After operatiun of the suspension electrode for some 
time, the nickel paiticles tend t o  agglomerate in 
clusters, tliub probably affecting the efficiency of 
contact with the charging electiodes. Recauqe of this 
phenomenon reproducible data were diff-icul t to obtain 
with catalyst contents less than about 10 g/275 nil. 
IJnder conditions where gas evolution is nut so vigorous 
and where clumping of catalyst particle\ is not too 
significant, the current output is roughly proportional 
to cdtalyst content. 

When the current output of the individual nickel 
charging electrodes was examined, it w.ij found that the 
outputs of all electrodes downstremi fiom the first 
were quite ,imilar Current output of t t ie  first electrode 
wds .it least 25% higher than the others This suggesrs 
that the overall performance of the cell could be 
increased even further by appropnate ai tangeinent arid 
>pacing of the nickel charging electrodes. 

1. Research jointly sponsored by the Office o f  Saline Water, 
U.S. Department of the Intenox, and by the U S .  Atomic 
Energy Commission under contract witli Urrion Carbide Corpor- 
a tion. 
2. R. E. Meyer, P. M.  Lantz, and F. .4. Posey. Chenz. Dip. 

Atinzr. Prop.  Rep. Mny 20, 1969, ORNL-4437, p. 90. 
3. F. A .  Posey and R. E.  Meyer, Chem. Dzv. Annu. Prop. 

Rep .  May 20, 1969, ORNL-4437. p. 93. 

ELECTROCHEMICAL PRETREATMENT 
OF SEAWATER FOR pH CONTROL 
AND BICARBONATE REMOVAL’ 

A. A. Palko K.  E. Meyer F. A. Posey 

Several areas of present or potential technological 
importance require pH adjustment of process streams in 
order to optimize the perforrnance of treatment pro- 
cesses, to avoid deposition of scales or layers of 
substances found in waters on process equipment, or to  
miniinize corrosion of materials of construction. Pres- 
ent industrial practice depends heavily upon the use of 
reagents such ;is sulfuric acid, lime, etc. Such pro- 
cedures usually involve considerable cost and incon- 
venience in transportation, storage, hartdli ng, and dis- 
pensing of chemicals. We have begun at, investigation of 
ttieoretical and experimental aspects of the use of 
electrochemical techniques in the generation of acid or 
base for pH control of process streams without the 
necessity of using additiond reagents. 

Initial efforts during the past yea[ were devoted to 
design and construction of a prototype device for 
simultaneous removal of bicarbonate and acidification 
of seawater. The device, based on 1 tie suspension 
electrode principle, promises a more efficient means of 
pH control than other known electrochemical methods. 
In the present prototype acid generator, the cell, of 
concentric cylindrical geometry, has a central anode 
compartment separated from the surrounding cathode 
compartment by a porous barrier. The anode assembly 
makes use of a high-efficiency suspension electrode in 
which a suspension or slurry of palladium black catalyst 
particles is forced to impinge upon a large array of 
charging electrodes. Jncorniog seawater enters the sur- 
rounding cathode compartment and is circulated 
through a loop consisting of the cathode compartment 
and a settling tank. The reaction at the stainless steel 
cathodes is production of hydrogen gas arid hydroxide 
ions. The latter first react with Mg2+  inns in the 
seawater and would ordinarily tend to form a tight 
coating of Mg(OH), on the cathode surfaces which 
would soon prevent further reaction and lead to greatly 
increased voltage requirements. However, the cathode 
surfaces are kept clean by means which allow contin- 
uous, efficient operation of the cathode reaction. 
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Continued production of hydroxide ions raises the pM 
of the solution in the cathode loop nntil conversion of 
bicarbonate ions to  carbonate causes precipitation of 
CaCU3. with subsequent removal in the settling tank. 
Essentially carbonate-free seawater from the cathode 
loop is forced into the anode compartment through the 
porous separator, where acidification takes place due to  
the anodic reaction, oxidation of hydrogen to hydrogen 
ions. The hydrogen for the anode reaction is the 
product of the cathodic process and is extracted from 
the cathode loop and fed into the solution in the anode 
loop. The output of the cell ~ decarbonated, acidified 
seawater - - ~  is taken from the suspension anode loop and 
may then be used for acidification pretreatment of 
larger volumes of seawater. This mode of operation, 
based upon a hydrogen feedhack cycle, circumvents the 
old problem of anode attrition in electrolysis of 
seawater and chloride solutions and allows operation at 
greatly reduced cell voltages and therefore modest 
power requirements. In addition, the use of expensive 
membrane niaterials and catalyzed electrode structures, 
as in some acid generators,2 is avoided 

1. Research jointly sponsored by the Office of Saline Water, 
U.S. Department of the InteJior, and by the U.S. Atomic 
Energy Commission under contract with Union Carbide Corpor- 
ation. 

2. L. 11. Shaffer and R.  A. Knight, J. Elechoclzrm. SOC. 116, 
1595 (1969). 

ELECTROCHEMICAL METHOD FOR <ANALYSIS 
OF DISSOLVED OXYGEN 

IN THE PARTS-PER-BILLION RANGE * 
R. E.  Meyei P. M. Lantz 1;.  A .  Posey 

A continuing need has existed for a reliable, sensitive 
method of on-line analysis of the dissolved oxygen 
content of various waters and process streams in the 
parts-per-billion range. 'The classical method for deter- 
mination of the dissolved oxygen content of solutions is 
the Winkler method, or its several modifications, in 
which exacting and time-consuming chemical opera- 
tions are required. 111 iecent years, measurement devices 
which use a membrane-electrode assembly have been 
developed. These so-called polarographic oxygen sen- 
sors are convenient in operation but require relatively 
frequent and uncertain calibration, undergo deteriora- 
tion of membrane properties, and possess mass- 
transport limitations on sensitivity. In addition, the 

measured quantity is a diffusion-limited current which 
depends significantly upon temperature, and, therefore, 
reliable measurements at low oxygen contents require 
careful technique. 

,4s a result of our previous experience with coupled 
electrochemical and hydrodynamic systems, we have 
designed and constnicted a device, which promises to 
overcome many of the limitations of the polarographic 
oxygen sensors, for measuring the dissolved oxygen 
content of aqueous streams in the parts-per-billion 
range. Our device, like the polarographic oxygen sen- 
sofs, uses a membrane and electrode assembly but, 
unlike them, is not limited in sensitivity by mass 
transport of oxygen through the membrane which 
separates the measurement system from the stream to 
be analyzed. The measnrement device incorporates an 
exchange section in which dissolved oxygen in the test 
stream penetrates a commercial copolymeric membrane 
(high permeability t o  gases but none to ions) and 
equilibrates with an internal solution. 'Ihe path length 
and rate o f  flow in the exchange section assure 
essentially complete oxygen equilibration of the inter- 
nal solution. Subsequently, the equilibrated internal 
electrolyte flows through a porous sensor electrode 
maintained at a constant electrode potential and so 
constiucted and operated that all of the oxygen 
contained in the internal electrolyte is reduced by a 
four-electron process. Knowledge of the reduction 
current and of the volume flow rate then allows the 
oxygen concentration of the internal solution t o  be 
calculated from Faraday's law; this, of course, is also 
the oxygen concentration of the test stream because of 
the equilibrium conditions. The boundary value prob- 
lem pertaining to steady-state operation of the device 
was solved by use of various approximations, and the 
results were used in establishing the dimensions and 
operating conditions of the exchanger-sensor electrode 
system. This method of measurement depends only 
indirectly on the permeability of the membrane, and 
thus there is no temperature dependence of the 
measlured quantity as in conventional membrane 
probes. Although there is a sniall background current 
on the sensor electrode, there are no  calibration 
constants involved in the measurement, and sensitivity 
is quite adequate even a t  the parts-per-billion level. 

1 .  Research jointly sponsored by the Office of Saline Water, 
U.S. Department of the Interior, and by the U.S. Atomic 
Energy Commission under contract with Union Carbide Corpor- 
ation. 



7. Chemical Physics 

NEUTRON AND X-RAY DIFFRACTION 

THE CRYSTAL AND MOLECULAR STRUCTURE 
OF THE “ANOMALOUS ACETATE” OF KATONIC 
ACJD. A SEVERELY TWISTED CARBON-CARBON 

DOUBLE BOND 

W. E. Thiessen 11. A. Levy 

In recent years compounds containing many types of 
strained double bonds have been prepared and studied, 
arid particular interest has been given to rotation about 
a double bond, so-called “torsional strain.”‘ Such 
cornpouiids are usually highly reactive and require 
special synthetic methods for their preparation. We 
repoi 1 here results related to preparation (under acidic 
conditions) of an  unreactive compound containing a 
double bond under corisiderable torsional strain. 

King and Morgan2 reported that the triterperie 
katonic acid (1) undergoes normal acetylation with 
acetic anhydride and pyridine, but, when treated with 
acetic anhydride containing a catalytic amount of 
perchloric acid, it yields a neutral ketoacetate, for 
which Ftructure 2 was proposed. They noted that the 
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ultraviolet (uv) absorption maximum at 273 nin ( e  
8900) was well outside the riormal hinits of 225 to 252 
nni foi a$-unsaturated  ketone^.^ This anomalous ace- 
tate was also ieported to take up 2 moles of hydrogen 
to yield a product in whch the keto group has been 
replaced by ;1 methylene (uv maximum 217 nm, e 
5400). They also prepared, by lithium aluminum 

hydride reduction, a dihydro product with uv maxi- 
mum 224 nm ( E  5200). Dauben, Beasley, arid Cox4 
have confirmed tlus latter result and also have obtained 
an isomeric dihydro alcohol by litluum-ammonia reduc- 
tion with uv inaximuni 229 nm ( F  5LXO).’ These 
spectral properties, remarkable foi conipoiinds contain- 
ing a lone carbon-carbon double bond, led us to 
undertake a crystal structure analysis of the anomalous 
acetate . 

Crystals of the acetate, C J 2 H 4 8 O 3 ,  aie rnotioclinic 
with tlie symmetry of space group yL1; the unit  cell 
containing 2 molecules has parameters a = 14.6934(8) 
A, b = 12.7735(8) /i, c = 7 5595(3) 14, and cos 0 = 
-0. L9h62(5).6 The structure was solved from 2183 
x-ray ieflections measured on the Oak Ridge cornputer- 
controlled diffractometer by search o f  the I’atterson 
function followed by tangent-formula phase refiiie- 
nlent. I t  was assumed that the 16-carbo11 fragmetit 
containing C I through C1 1 ,  C14, and C2.3 Illrough C26 
has tlie conFiguratioi1 of the corresponding fragment in 
crystalline adiantol B bromoacetate.‘ The Patterson 
search procedure of Braim, Hornstra, and Leenhouts’ 
yielded the orientation and position of the fragment in 
the unit cell: the corresponding atomic coordinates 
were used to calculate initial phase values fot 218 
selected’ reflection\. Tangent-formula refinement 
yielded phase values for all 416 reflections with 
normalized structure factor Ib’l > 1 .S, the correspond- 
ing E map” displayed 34 of the 35 true carbon and 
oxygen positions among tlie 41 strongest peaks The 
current value of the conventional discrepancy iiidex 
R(83 for all reflections is 0 04. 

The result o f  the crystal-structure analysis, presented 
in Fig. 7.1, shows unequivocally that stiuciure 2 is 

correct’ ’ and reveals the structural feature responsible 
for the large battiochromic shifts cited above. Closure 
of the sixth ring lias forced the six carbon atonis 
mociated with the double bond to depait f r o m  ;I 

common plane. The (211, C12, C29 plane makes an 
angle of 2h” with tlie C14, C13, C18 plane. The 
distortion is mostly but riot entirely a torsion about the 
double bond, while atom C12 lies nearly in the C14, 
C13, C18 plane, atom C13 IS 0.16 away from the 
C11,  C12, C29 plane, corresponding to d slightly 
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Fig. 7.1. Stereoscopic drawing of the moleatbe (excluding hydrogen atoms) viewed approximately along h. The a axis is 
horizontal. Atoms linked by double bonds are connected by two lines. 

pyramidal configuration at C12. ‘i‘he overall geometry is 
most readily appreciated from the conformation angles 
about the C 1 2 + C 13 direction. 

katonic acid, have not been successful: this most likely 
reflects the same lack of reactivity of the olefinic 
linkagc. 
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This distortion from coplanarity decreases the n- 
electron overlap from that normally present in a double 
bond and causes a mutual approach of the energy levels 
of the ground and excited electronic states, qualita- 
tively accounting for the observed spectra..” As ex- 
pected, the optical rotatory dispersion (o.r.d,) curve for 
the alcohol shows a large negatibc Cotton effect 
= -9500). The sign follows the rules of Scott.I3 The 
0.r.d. of the enone 2 also shows a negative Cotton 
effect; the molecular amplitude of rotation (A@) of 
222,000 is the largest yet reported for this chromo- 
phore.I4 The unusual weakness of the Rainan band at 
1690 c m - ~ l  assigned to the tetrasubstituted double 
bonds in the alcohols indicates a diminished polariza- 
bility ascribable to the reduced .rr-electron overlap.’ ’ 

These materials do not display the high reactivity 
reported for simpler compounds containing strained 
carbon-carbon double bonds.’ It i s  of particular 
interest that only the carbonyl group of enone 2 is 
reduced in a lithum-ammonia reaction. This observa- 
tion and the lack of reactivity of all the compounds 
toward hydroxylic solvents indicate that addition reac- 
tions at the double bond offer no appreciable relief of 
strain in this complex ring system. Attempts to reverse 
the acylation reaction to  yield the starting material, 

1 .  For a gcneral review of strained double bonds, see N. S. 
Zefirov and V. I .  Sokolov, Russ. Chein. Rev. 36,87 (196’7). 

2. F. E. King and J. W. W. Morgan, J. Chem. SOC. London 
1960,4738. 

3. For a suivey of ultraviolet spectra of unsatiirated coin- 
pounds, see A. I .  Scott, Interpretation of Ultruvioler Spectra of 
Natuml Products, Macmillan, New York, 1961. 

4. Certain chemical reactions and electronic spectral measuie- 
ments cited here were carried out by W. G. Dauben, 6. H. 
Beasley, and D. A. Cox, Department of Chemistry, University 
of California, Berkeley. We thank these workers for providirig 
the crystals for this investigation and Professor Dauhen for 
suggesting the problem to 11s. 

5. Both alcohols upon oxidation yielded the same ensdione. 
6. The numbers in parentheses, coiresponding to the least 

significant digits of the parameters, are estimated standard 
derivations from a least-squares ‘analysis. 

7. H. Koyama and 11. Nakai, J. Chem. Soc. R 546 (1970). 
8. P. B. Rraun, J. Hornstra. and J .  I .  Leenhouts, Philips Res. 

Rep. 24, 85 (1969) .  For an example of a structure solution by 
this method, sce Acta Crystullogy., Sect. E ?,6? 352 (1970). 

9. J .  Karle,Acta Crystullogr., Sect.B 24, 182 (1968). 
10. J. Karle and 1. L.  Karle, “Phase Petermination for 

Centrosymmetiic Crystals by Probability Methods,” chap. 17 in 
Computing Methods in Crystallopapl?y, J. S. Rollett, ed., 
Feigamon, Oxford, 1965. 

11. B. Tursch, J. Lecbercq, and G. Chiurdoglu [Tetrahedron 
Lett., 4161 (1965)j reported the preparation of a similar 
ketone from the triterpene mcsennbryanthenoidigenic acid; and, 
since their material was shown by nmr spectroscopy to contain 
one vinyl proton, they suggested that a reinvestigation of 
structiire 2 was waranted. In view of the present results, a 
study CJf their ketone would be interesting. 

12. For a complete discussion of spectral effects, see ref. I .  
13. A. I .  Scott and A. D. Wrixon, Tetrahedrori 26, 3695 

(1970). 
14. ‘Ihe authois arc indebted to Dr.  J .  Fried and Dr. Lewis 1. 

Throop of Syntex Kesearch for measurement of &he optical 
rotatory dispersions. 
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15 The authors wish to thank Dr. J. R. Scherer of the 
U.S.D.A. Western Regonal Research Laboratory, Albany, 
CalLf., for obtaning the Ratnan spectrum. 

16. J. R. Wiseman, 1-I.-F. Chan, and C. J. Ahola, J.  Amer. 
Chern. SOC. 91, 2812 (1969); P. M.  Lesko and R.  B. Turner, 
rbid. 90, 6888 (1968); r A. Markhall and 11. Faubl, ibid. 89, 
5965 (1967). 

THE CRYSTAL STRUCTURE OF 
3-HYDROXYXANTHINE DIHYDRATE, A 
TUMOR-INDUCING CHEMICAL AGENT 

W. E. Thiessen 

Marly low-molecular-weight compounds having widely 
disparate structures but sharing the property of induc- 
ing tiiniors have been lumped together under the 
general heading of chemical carcinogens or, more 
properly, chemical oncogens.' Several of the most 
potent of these are, or are transformed i n  vivo into, 
aromatic nitrogen compounds capable of electrophilic 
attack upon cell components to initiate the process of 
oncogenesis.2 Examples are 2-N-hydroxyacetylariino- 
fluorene3 and .l.-hydroxylaminoquinoline-N-oxide.4 

Dr. G. B. Brown arid h s  co-workers at the Sloan- 
Kettering Institute for Cancer Research have found' 
that certain N-hydroxypurines, charactcrized as ade- 
nine- I -oxide (1): guanine-3-oxide (2 ) ,  and 3-hydroxy- 
xaithine (3),7 have oncogenic propel ties. (The ring- 
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system numbering is given in Fig. 7.2). Compounds 2 
and 3 undergo facile rearrarigeinent to &hydroxy 
derivatives in the course of acetylation and of other 
reactionsa and, in consequence, were initially thought 
to be 7 -N-o~ ides .~  From samples of these compounds 
kindly provided by Dr. Brown, the dihydrate of 
3-hydroxyxanthine was chosen for initial investigation 
because the crystals as supplied were suitable for 
interrsity data collection and because the assigned 
structure 3 contains a hydroxaniic acid grouping and no 
detailed study of the molecular geometry of this 
functional group had, to our knowledge, been carried 
out. 

Fig. 7.2. The ring number system, bond lengths (A), and 
valence angles (deg) in the 3-hydroxyxanthine molecule. 

Crystals of 3-hydroxyxanttune dihydrate, 

are tnclinic. The unit cell containing 2 molecules has 
parameters n = 7.8383(1) A, b = X.4054(2) 8, c = 
7.4408(1) A, cos OL 0.41030(2), cos /3 = 

0.32227(3), cos y = 0.40919(3)." The methods used 
111 obtatning these parameters and in the subsequent 
data collection were very srmilai to those described in 
previous reports.' ' ,12 The distribution of the noi- 
m a l l 4  structure factors, E, indicates1 that the crystal 
is cent ro5ymmne tric. 

Structure solution using ~ o n g ' s  computer program' 
tor reiterative application of Sayre's equation' was 
straightforward and led to an E map" showing the 
expected 14 nviihydrogen atonis as the 14 largest 
peaks. Full-matrix Least-squares refinenient, even tudly 
including the hydrogen atoms with individual isotropic 
temperature factors and the nonliydi-ogen atotns with 
arrisotiopic temperature factors, leads to a value of 
R(t.3 = 0.037 for all 241 1 reflections measured (includ- 
ing duplicate measurements). In the final difference 
Founer map, 10 of the I 1  highest peaks (0.4 to 0.2 
election/A3) are located near the midpoints of thc ring 
bonds, rndicating that a model which does not take into 
account bonding-electron density is inadequate. Investi- 
gation of this aspect of the problem IS continuing 

The structure analysis confirms the postulated 
3-hydroxyxanthine struciure (Fig. 7.2) and reveals that 



this compound, like purine’ ’ and 6-mercaptopurine,’ 
exists as the N(7)-H tautomer. Although purine chem- 
ists seem to use N(7)--H and N(9)---H tautomers 
interchangeably when writing structural formulas 
(sometimes even in the same paper5 ), crystallographic 
results consistently indicate the N(7)--H tautomer to be 
the more stable. 

‘The most striking feature of the rnolecular geonietry 
is that O(11) lies 0.189 A from the best plane through 
all the atoms of the ring system except N(l) (see Table, 
7.1); the deviations of N(l) and O(10) from the plane 
are also significant. A plaiisible explanation in terms of 
molecular bondilig follows. 

that the five atoms of a carboxylic 
acid fall, at least rougbly, in a common plane, reflecting 
delocalization of Ihe n electrons above arid below the 
plane of the carboxyl group. 

It is well known‘ 

__.___-.-.......~......_II__ 

Atom Distance 

N(3) C(2) 0.000 0.003 
C(4) -0.001 
C(5) 0.002 
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..___ 

Atom Distance Atom Distance 
~. . . . . . . . - 

N(7j C(6) 7’ 0.001 O(10) -0.011 0.015 
C(8) 0.002 O(11) -0.189 
N(9) -0.003 O(12) 0.003 

In the hydroxamic acid under discussion here, the angle 
between the C(2) ~N(3)-C(4) plane and the N(3) 
O(I l)-H(ll) plane is 90”. ‘There being no appreciable 
delocalization of the oxygen lone-pair electrons into the 
ring, the hydrogen atom evidently takes up a position 
convenient for hydrogen bonding to a neighboring 
water molecule. A dipole is thus set up having a large 
component normal to the ring plane in the direction of 
the oxygen lone pairs. An induced dipole then displaces 
the polarizable x electrons of the neighboring ring 
nitrogen atom, making its configuration pyramidal. in 
the direction observed in the crystal structure, that is, 
with O( 1 1) and H(l1) on opposite sides of the plane of 
the molecule. The slight tipping of the N( 1 )-C(2)- 
O(10) plane is in the expected direction for maximum n- 
bonding between C(2) and N(3).20 

n 

Table 7.1. Distances (lh, of atoms from a least-sqomes 
plane fitted l o  all the lnilrsg atoms except N(l)  

in the 3 hydroxyxanthine molecule 

an aromatic ring (or other planar system) has its second 
substituent out of the plane. We plan crystal structure 
investigations of guanine-3-oxide and adenine-1 -oxide 
which may be pertinent here since the awmpt ion  that 
these substances exist in thc N-oxide form is bawd on 
uv spectral correlations7 which do not seem conclusive 
and do not rule out the reasonable alternative N- 
hydroxy forms 1’ and 2’. 
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Finally, the direct pathway for thc %oxy + %oxy 
rearrangement proposed by Wolcke et 

A similar, but smaller, effect seems to be operative in 
crystalline 2,4,6-trinitr~phenetole~ and i s  apparently 
to be expected wherever an oxygen atom exocyclic to 

is not applicable to the N(7)-II tautomer fouild in thc 
crystal. It is quite possible, of couise, that the reaction 
in solution proceeds thimgh N(9)- H intermediates, 
but an appealing alternative is an inte:mediate “dehy- 
dt oxanthine” (4). 
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I1 i s  interesting that an analogous 1n n-electron internie- 
diate, 5, can he written for the known rearrangenlent of 
2-hydroxylamino~~uuorene esters. 
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PRECISE X-RAY CRYSTAL-STRUCTURE 
ANALYSIS OF DECACHLORORUTHENOCENE 

George M. Brown 

Molecular structural parameters ;ire reported here 
from a precise u-ray analysis of crystalline decachloro- 
ruthenocene, Ru(C,Cl,),, one of a number of metal- 
locenes polysubsti t u ted with electronegative subs tit u- 
cnts which weie recently synthesic,ed for the first 
time.’ This is the fmt stnucture lleferrnination of a 
decasubstituted nietdlocene of any kind. 

Crystals of decacllororut~ienocene wcre found to be 
triclinic wth unit-cell parameters as follows. a = 
8 5193(3) I\, b = 13.8812(5) #, c = 7 3770(3) A, a - 
95.839(3)“, 0 = 101.06.3(3)”, y = 89.2 16(3)’, where the 
numbers i n  parentheses, corresponding to the least 
significant digits of the parameters, are estiniated 
stariddrd deviations. There are two forriirila units per 
cell, ,and the space group is the centrosynimetrical 
group Pi. Intensities of 618 1 independent reflections 
were recorded with Mo Ka radiation using the Oak 
Ridge autonidtic computei-controlletl diffractonletel. 
The intensities were corrected f o r  absorptlon, and tlie 
observed structuie-factor square was calculated 
for each reflect ion in the usual way 

The wlution for the qtructure was achieved with 
textbook simplicity by impection of ;I three-dinien- 
sional Patterson map. The refinement, by tlie method 
of least squares, was straightforward. Ao isotropic ther- 
mal parameters were refined for all atoms; corrections 
for an almost negligible degree of extinction were 
applied. The final discrepancy factor H (defined AS 

.XI IFobkdl - lFcalcl I/EIFobsdl) 19 0 048 The excur- 
uotis of electroil density iii a final Ifferenee map 
correspond roughly to the excursions rn a skewdensity 
mq.’  ,3 The estimated standard ei  rois of the structure 
parameteis are substantially lower than those froin 
deterniinatioris of other metallocenes hiowti to the 
author, except two other determinations also done in 
t h s  l ab~na to ry .~  ,5 

From the scaled drawings of the niolecule shown in  
Fig. 7 3 and the riuriieiical data included in them, i t  is 

16. J. Eale and I. L. Karle, “Phase Determinetior1 for 
Centrosymmetric Crystals by Probability Methods,” chap. 17 in 
Computing Methods in Crystullography, J .  S .  Rolktt, ed., 
Pergamon, Oxford, 1965. 

R. E. ~ ~ ~ ~ i , ,  Acla 
Ckystallogr. 19, 573 (1965). 

clear that the lno1ecule nearly has tile symmetry of 
point group D,,, even though its environment ia the 
crystal of Pi symmetry is totally asynmetric. The D,, 
symmetry is the symmetry the molecule must have in 
isolation if its equilibrium conforrnatioii is the eclipsed 

of tt,e determination. I t  is interesting that the 
eclipsed conformation seems to  be a characteristic 
feature of rutheiiocene6 and its derivatives7 in the 
crystalline state. 

17. D. G. Watson, R. M. sweet, 

18. G.  M. BroWn, Acto O y s t a h g . .  %Ut. B 25,1338 (1969). one. Tile eclipsing i n  the crystal is exact, withill the 
19. J .  Donohue, Aclu C r y s t a ~ W . ,  Sect. B 24, 1558 (1968). 
20. Dr. El. A. Levy must share the credit (or the blame) for 

21, C, bf. ~ ~ ~ ~ ~ d ~ l i ,  K. I)estro, and &f. Simonetta, dcta 
this explanation of the observed molecular Seometry . 

C’ryslallop., Sect. B 24, 129 (1968). 
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The symmetry of the ruthenium-carbon framework is 
essentially perfect iii all respects. No carbon atom 
deviates by more than 0.001 a from the best plane 
through its ring as established by the method of least 
squares, using equal weights for all ring atoms. The best 
planes of the two riiigs of carbon atoms are inclined to 
each other by about 0.3", not significantly different 
from 0". The distance between the centroids of the two 

rings is 3.598 A, the same, of course, as the average 
distance C ... C' between opposing carbon atoms across 
the saildwich. 'I'he two Ru-to-plane distances are 1.800 
and 1.798 A. 

The chlorine atoiris are displaced from the planes of 
the rings to which they are attached, in cach case in the 
direction away from the opposing chlorine atom, by 
from 0.091 to 0.126 8, or by an average of 0.106 

O R N L -  DVIG. 71-4821 

0,117 0.093 0.109 0'101 0,110 

Avg. d istances : 
G... C'  3.598 [5] ( 3 )  

OfCL) 0.106 [9] 
CJ...-CL' 3'811 [2](1) 

0.105 0,101 0 0 9 4  0,126 0.401 

Avg  . 

b I n t .  108,O [Z] (2) 
E x t .  125.9 [3] (2)  

(a 1 

Avg. bond 
R u - C  
C - c  
C -  CQ 

lengths 
2.1 70 
1.427 
1'703 

Fig. 7.3. Geometry of the decachloromthenocene molecule. (a) A view of the molecule along the line (see trace marked by the 
dot within the circle representing Ru) connecting the mean of the atomic positions for one group C5C15 to that of the other, showing 
the nearly perfect eclipsing. Bonds Ru-C are omitted. The top group (primed atoms) is represented with smaller circles and thinner 
bond? than the bottom group (unprimed atoms, not labeled in this part of the figure). The numerical. values of the interior angles 
C-C-C and exterior angles C-C-CI are given for both groups C5C15; the top and bottom numbers of each pair refer to C 5Cl and 
C5CI5 respectively. ( b )  A view of the molecule perpendicular to that of a, showing the numerical values (A) of the deviations of the 
chlorine atoms from the ring planes. The distances C ... C' and C1 _.. C1' between opposing atoms across the sandwich are also 
specified. Bonds Ru-C are omitted (c) Bond lengths (A) in the top half of the molecule. (d )  Same for the bottom half of the 
molecule. The numbers in brackets associated with the average values of parameters specified in the figure correspond to the l rast 
significant digits of the averages and express the root-mean-square deviations Prom the averages; similarly, the numbers in parentheses 
express the estimated standard errors of individual parameters as derived from the least-squares covariance matrix. 

, I  
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(root-nie~rn-syuare deviation, 0.009 a). These highly 
significant displacements, which correspond to bending 
the C C1 bonds out of plane by from 3.15 to 4.21", 
constitute one of the most riiteresting features of the 
rnolecular structure. 

Such displacements lniiy conceivably arise either as a 
nianifestation of directed valence or from repulsion 
between tbe atonis opposing each other across the 
sandwich. However, in this case repulsion can hardly be 
important, for the average CI .._ CI' distance of 3.81 I k 
bel ween opposing atoms is substantially more than 
twice the usually accepted value' of 1.80 A for the van 
der Waals radius of chlorine. Moreover, there are 25 
intermolecular CI .. C1 contacts less than 3.838 A, the 
greatest C1 .,. C1' distance. Of these, 10 are less than 
3.70 A, 4 are between 3.61 and 3.64 8, and 1 is at 3.33 
A. I t  seeins clear that the chlorine atoms are held out of 
the ring planes by valence forces, not by repulsion. 

The average Ru-C and C ... C' distances in deca- 
chlororutheoocene of 2.170 and 3 598 /1\ are to be 
conipared with corresponding distances of 2.21 and 
3.68 from the x-r;iy analysis of rulhenocene.6 The 
cumparison IS complicated by the fact that the standard 
errors o f  the Ru-C and C ... C' distances from the 
rutheriocene determinatroti are, characteristic of an 
earlier stage of development of x-ray analysis, six to terl 
times those of the perch~oro compound. However, there 
is alniost certainly a slight effect of tightening of the 
liu-to-ring bonding as a result of the multiple substitu- 
tion by chlorine atoms. Comparison of our results with 
those from the x-ray analysis of bisinderiylruthenium~ 
suggests a smaller effect than the coniparison above, the 
Ru C distances in bisindenylruthenluin range from 
2.165 to 2.211 A, averaging 2.190 A. In this case the 
standard errors are about three to four tlines ours. 

The average C -C distance of 1.427 A in the cy- 
clopentadienyl rings is no1 significantly clifferent from 
the averages in ntthenocene and bisindL.nylruIhenocene. 
The  average C C1 distance of 1.703 A agrees with the 
value 1.70 _+ 0.01 given by Sutton'" A S  the average 
from a number of chlorine derivatives of aroniatic 
compounds, in which the carbon atoms are also in the 
sp2 state of 1iybridiLatioii. 

The packing ol' the molecules is \hewn in the 
stereoscopic drawing of Fig. 7.4, in which atoms are 
represented by their 50% probability ellipwids.' The 
very shoit C1 .. C1 van der W~als  contact a t  3.33 A 
mentioned above is indicated in the figure. The mole- 
cules pack in  layers parallel to the (001) plane. The 
stacking of these layers along the direction of the 
reciprocal axis c" puts each g o u p  C5C15 of one layei in 
contact with a group C'5C115 of an adjacent layer, but 
with an offset parallel to (001) so that l t te two rings of 
carbori atoms only partly overlap. The perpendicular 
&stance from one ring plane to the centroid of the 
other ring is 3.559 A, slightly less than the inlrarnolec- 
ular ring spacing. 

I thank Qrs. F. L. Iledberg and I-1. Rosenberg of the 
Air Force Materials laboratory, Wright-Pattersoti Air 
Force Base, for suggesting the problem and supplying 
crystals. Thanks are due also to Dr. P. K. Sen Gupta for 
some assistance in collectjng and preliminary processing 
of data. 
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Fig. 7.4. Stereoscopic drawing showing the packing of the molecules in the decachlororuthenocene crystal. The short Ct _. ('I 
distance between two atoms Cl(3') related by inversion through the syrnmelry center at '4. '4, '4 IS indicdted 
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PICEClSE X-RAY CRYSTAL-STRUCTURE 
ANALYSIS OF 

I ,  1 '-DIETHOXYC~C,~ACHLOROFERROCEIVE 

George M. Brown 

In continuation of studies on polysubstituted rnetal- 
loccnes initiated by the x-ray analysis of deca- 
chlororuil-ienocene,' the structure of crystalline 1 .If- 
diethoxyoctachlorofcrrocene was determined. 

Ciystals of 1 , l  '-diethoxyoctachloroferrocene are tri- 
clinic with unit-cell parameters as follows: a = 
9.9094(10) 8, b = 12.7356(13)A,c=8.9512(9)8,0:= 
109.492(8)", f i  = 113.560(8)", y ,= 81.127(9)". There 
are two formula units per cell, and the space group i s  
Pi. The collection of intensity data (for 554.6 independ- 
ent reflections) and the derivation from the data of the 
refined structure followed procedures essentially identi- 
cal t o  those used in the work on decachlororutheno- 
cene, except that the solution of the phase problem was 
obtained by the direct-method program of Long.* 
Approximate locations. chernically sensible, were found 
for all of the hydrogen atoms of the molecule. The final 
discrepancy factor R is 0.049. The scaled drawings of 
Fig. 7.5 and the numerical data included in them show 
the principal results of the structure analysis. 

In this compound the presence of the two ethoxy 
groups instead of the ninth and tenth chlorine atoms 
causes the C5 rings of the molecule to depart sigiiifi- 
cantly from exact pentagonal symmetry. There is 
slightly more spread of values for each iype of distance 
in the molecule and considerably more spread in the 
angles of a given type than in the case of decachloro- 
ruthenocene. However, the FeC, framework does not 
deviate greatly from D,, synimetry. 

There is a twist of one ring with respect to the other 
of about I .3" around the line joining the ring centroids. 

This twist, which i s  discernible in Fig. 7.5, is significant 
in relation to the errors of the determination but not 
chernically significant. Generally the chlorine atoms 
follow closely the twist of the rings and are also nearly 
totally eclipsed. The torsion or conformation angle3 of 
0 and 0' about the axis of ring centroids is -3.9S0, and 
the oxygen atoms are farther from the totally eclipsed 
condition than the chlorine a toms. 

No ring carbon atom deviates by more than 0.008 8 
from the least-squares best plane of its ring. The best 
planes of the two different rings are inclined to each 
other at 0.8". Thc chlorine atoms are displaced from 
the best planes. in each case in the direction away from 
the opposing chlorine atom, by from 0.080 to 0.147 A, 
or by an average of 0.1 10 A. These displacements 
correspond to bending the C-CI bonds by from 2.293 
to 4.83". The two oxygen atoms are displaced from 
their respective ring planes by 0.097 and 0.346 A, 
corresponding to  beading the C -0 bonds by 1.25 and 
4.06". 

The intramolecular distances Cl ... CI' between oppos- 
ing chlorine atoms, which are in the range 3.467 to 
3.531 a, include the closest nonbonded contacts C1 ... 
C1 in the crystal. T'he two closest intermolecular C1 ... CI 
contacts are at 3.515 and 3.534 8, and there are only 
four others less than 3.600 A. Nevertheless, the average 
out-of-plane displacement of the chlorine atoms is 
almost the same as in decachlororuthenocene, where 
the average Cl ... C1' distance is 3.81 1 a, suggesting that 
the chlorine atoms are held out of plarie mainly by 
valence forces, as already concluded for decachloro- 
ru thenocen c ~ 

There is 110 suggestion, contrary to the case of 
decachlororuthenocene, that the multiple substitution 
of hydrogen atoms by negative groups leads to shorten- 
ing of the average Fe-C and Fe-to-plane distances. 
These distances are 2.047 and 1.650 8, respectively, 
virtually identical with the averages given by Wheatley4 
from a number of cyclopentadienyl complexes with 
iron and also close to the values 2.033 and 1.645 A 
found in N-formylaminomethylferrocene.5 I t  is possible 
that there is a tendency toward contracting the Fe--C 
bonds which is countered by repulsion between the 
carbon atoms opposing each other across the sandwich. 
The opposing carbon atoms, at the average separation 
of 3.301 A, are much closer t h h n  in decachlororutheno- 
cene and in fact a little closer tllaii twice the usually 
quoted value6 of 1.70 A for the half-thickness of an 
aromatic ring. 

The average ring C---C distance of 1.424 i% and the 
average C-CI distance of 1.709 a are nearly the same as 
the averages found in decachlororuthenocene. 
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J 6 A v g .  r i n g  ongies:  
I n t .  108-0 [1.4]12) 
Ext.  125.9[20](2) (-2) .. 

6y 
0 0 3 4  

Avg. d i s t a n c e s  : 
C... C’ 3-301 [14] ( 3 )  
CQ...GQ’ ?511 [27](1 ] 
A(GL1 0,110 E241 
A ( 0  ) 0.067 rj3] 
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2, ~, 0107 0.121 

Avg. bond lengths : 
Fe-C, 2,047 D9] ( 3 )  
c,-c, 1.424 OQ] (4) 
Cr-CL 1.709 [7] ( 3 )  
C r - 0  (-342 [9](3) 
C -0 1.446 [7] ( 3 )  
C -C 1.489 [ 3 ] ( 5 )  

1.422 

2039 

(d  1 
Fig. 7.5. Geometry of the 1,1’-diethoxyoctachlorofe~ocene molecule. (a)  A vjew of the molecule along the line (see trace 

marked by the dot within the circle representing Fe) connecting the inem of the atomic positions for one ring Cs to that of the 
other, showing the slight departure from total eclipsing of the rings. Bonds Fe-C are omitted. The top group C5C140C,lHj (primed 
atoms) is represented with sinaller circles and thinner bonds than the bottom group (unprirned atoms? not labeled in this part of the 
figure). The numerical values of the angles C-C-C, (7--C -XI, C---0-C, and C---C-cJ are given for both groups; the top and bottom 
numbers of each pair refer to the top and bottom groups respectively. ( h )  A view of the molecule perpendicular to that of  a, showing 
the numerical values (A) of the deviations of the chlorine and oxygen atonis from the ring planes. The distances C __. C’, C1 _.. CI’,  and 
0 ,.. 0’ between opposing atoms across the sandwich are also specified. Bonds Fe-C are omitted. (c)  I3o11d lengths (A) ill the top half 
of the molecule. (d) Same for the bottom half of the molecule. The numbers in brackets associated with the average values of 
parameters specified in the figure correspond to the least significiuit digits of the averages and express the root-mean-scluare 
deviations from the averages; similarly, the numbers in parentheses express the estimla Led standard errors of individu’ 1 
derived from the least-squares covariance matrix. 

d parameter 



192 

O R U  L- OWG. 71 -4824 

d5 

1.1 ‘-DIETtiI1XIOCTACHLOROFERRClCENE 

Fig. 7.6. Stereoscopic drawing showing the packing of molecrrles in the crystal of 1 ,I’-dietlaoxyoctachlorofersocene. 

The packing of the molecules is shown in the 
stereoscopic drawing of Fig. 7.6, in which the atoms are 
represented hy their ellipsoids of 50% probability. 

I thank Drs. F. L. Hedberg and H. Rosenberg of the 
h Force Materials Laboratory, Wrigh t-Patterson Air 
Force Rasc, for suggesting this work and for supplying 
crystals. ‘Thanks are due also to Dr. P. K. Sen Gupta for 
some assistance in collecting and pxeljrninary processing 
of data. 
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CRYSTAL AND MOLECULAR STRUCTURE 
OF (Y,CI‘-TRHIALQSE TXHYDWATE 

George M. Brown 

In continuation of structure analyses in this labora- 
tory of sugars and of crysta.lline hydrates, the structure 
of &,&’-trehalose dihydrate was determined. a,&‘- 
Trehalose (C H2 0’ , more properly named &-o- 
glucopyranosyl-oc-r,-glucopyranoside) is a nonreducing 
disaccharide composed of two a-D-glucosyl units 
bridged by an oxygen atom. Known also as riiycose and 
as mushroom sugar, it is widespread in nature, where it 
is found in fungi, bacteiia, insect blood, algae, lichens, 
and in some higher plants.’ 

Crystals of ocp-trehalose dihydrate are orthorhombic 
with the following unit-cell parameters: a = 112.230(4$ 
8, b = 1”/.902(6) 8, c = 7.598(2) 8, where the numbers 
in parentheses are the cstimated standard deviations 
times lo3.  The spacc group is B1 21 21 , and there are 
four formula units C121-Y2201 * 2 H 2 0  per ccll. The 
calculated density is 1.5 11 g/cc, and the observed’ i s  
1.512 g/cc. The collection of intensity data for 3328 
independent reflections and the preliminary processing 
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followed the same procedures used for decachlororut.he- 
n ~ c e n e . ~  The solution of the phase problem was 
achieved quite easily by direct methods; the tangent- 
formula refinenlent procedure4 was used with the 258 
normalized structure factors of magnitude greater than 
1.66, starting with four phases fixed to  specify origin 
and enantiomorph and seven others for which prelimi- 
nary values were indicated with acceptable probability 
by a calculation with the sigma-1 forrni~la.~ Approxi- 
mate coordinates were eventually found for all the 
hydrogen atoms. In the final least-squares refinement 
cycles the parameters adjusted were: a scale factor on 
the calculated structure-factor magnitudes, three co- 
ordinates lor each atom, six anisotropic thermal param- 
eters for each carbon and oxygen atom, and an 
isotropic thermal parameter for each hydrogen atom. 
There was no evidence for extinction. T h e  final 
discrepancy index R is 0.057. 

Figure 7.7, which is labeled with numerical values of 
the bond lengths, valence angles, and conformation 
angles6p7 of most interest, shows the geometry of the 
molecule. 

The ring conformation angles fall in the range of 
magnitudes 48.0 to 62.4" for one ring (unprimed 
atoms) and 49.5 to 59.6" for the other. These ranges 
are wider than the range (54.9 to 56.0') found for the 
same ring structure in sucrose7 but not much different 
from that (51.3 to  62.3") found in oi-o-glucose.8 The 
variations in the ring conformation presumably arise 
because of the differing intramolecular and inter- 
molecular environment from one crystalline compound 
to another; they diow a degree of flexibility of  lhe 
pyranose ring in chair form. 

The conformalion angles about the bonds C(l)---O(l) 
and C'( 1)-O( 1) of the bridge between the two rings are 
about those which would be expected to minimize 
repulsion between neighboring atoms of the two rings. 
Atoms C(1) and C'(2) are in nnti posiiions about bond 
C'(l)--q' l ) ,  and atoms C'(I) and C ( 2 )  are in anfi  
positions about bond C( l)---O(l). 

The minimum, mean, and maximum bond lengths 
C----C are 1.513, 1.522, and 1.535 8, nearly identical 
with the corresponding values for a-n-glucose and 
sucrose. The minitnum, mean, and maximuni bond 
lengths C--0 are 1.406, 1.422, and 1.434 a, also close 
to thc corresponding values for sucrose and glucose. 
The bonds C(5)---0(5) and C'(5)-0'(5) are slightly 
longer than the adjacent bonds O(S)----C( I )  and O'(5)-- 
C'(1). This kind of effect was first observed in sucrose7 
arid has since been observed in a number of pyrano- 
sides. 

The average C-1-1 arid 0--H apparent bond lengths of 
0.96 and 0.75 are typical values for determinations of 
these bonds from x-ray analyses, showing the usual 

O R N L  -DWG.71-4825 

Fig. 7.7. Molecular geometry of the a,a'-trehalose molecule 
with numerical values of the molecular structural piuameters of 
most interest. (Q) Codormation angles (deg). For each ring 
bond the conformation angle of the two adjacent ring bonds is 
written along the bond. Angles about other specific bonds are 
defined by lines pointing in earl] case to two honds attached at 
opposite ends of a ceritral bond. ( b )  Lengths (A) of bonds C--C 
and G O .  (c) Hond angles (dag) involving carbon and oxygen 
atoms. 



194 

shortening relative to the values 1.10 and 0.97 A 
obtained in neutron analyses of sucrose and a-D- 
glucose. 

The average interior ring angle at carbon is I10.9", to 
be compared with 110.7" in a-n-glucose and 110.3" in 
the a-n-glucosyl moiety of sucrose. Tne angle of 115.9" 
at 0(1) is in the nornial range for glycosidic linkages, 
and the two angles of 114.1" at O(5) and O'(5) are 
similarly normal for ring oxygens in pyranosides. 

The trehalose and water molecules are held together 
in the crystal structure by a complex system of 12 crys- 
tallographically independent hydrogen bonds O--H.-O 
(see Fig. 7.8). Each hydroxyl group of the sugar 
molecule is a donor and an acceptor in hydrogen 
bonding. The ring atom 0(5) is an acceptor; a t o m  
O'(5) and O(1) are not involvcd in the hydrogen 
bonding. Each water molecule is a donor for two dif- 
ferent bonds; one is an acceptor for two and the other 
for one. The hydrogen-bond parameters are in the nor- 
mal ranges; the minimum, mean, and rnaxirnurn 0-0' 

distances are 2.70, 2.79, and 2.91 A, and the 0 - H . 4  
angles range from 151 to 174". 

By coincidence, the crystal structure of a,&'-trehalose 
dihydratc has also been determined independently and 
concurrently in two other laboratories.2 >1  Comparison 
of the structure parameters shows that the agreetiient 
among the three sets i s  about as good as is ever achieved 
for independent determinations but that the standard 
errors may have been underestimated by a factor of 2 
or 3 ,  probably because of systematic errors. The 
standard errors of the Oak Ridge determination are 
about two-thirds of those of the better of the otlier two 
determinations. A joint paper from the three labora- 
tories is now in preparation. 

1. G .  G. Birch, p. 201 in Advances it2 Carhohydratc (,'hem- 
istry, vol. 18, ed. by M .  L. Wolfrorn and R. s. Tipson, 
Academic, New York, 1963. 

2. C. A.  Beevers, R. 0. Gould, and R. S impon,  University of 
Edinburgh, private communication" 

ORbL DWG. 71 - 4 8 2 6  

P- 
_.___~ RLPHA-ALPHR-TREHRI-OSE OIHIDRATE------- ---PLPHR-ALPHR-TnEHRLOSE OlH' IORRTE--- - -  

Fig. 7.8. Stereoscopic view of the packing of the sugar m.d water molecules in &+'-trehalose dihydrate. Hydrogen atonis attachcd 
to carbon atoms are not shown. The thin lines connecting hydrogen atoms and oxygen atoms show the hydrogen bonding. The lline 
sugar molecules included in the drawing are labeled I ,  2, ... , Y wiihin the rings of primed atoms in Fig. 7.7. Two crystallographically 
independent water molecules are labeled 1 and 2. 
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private communication 

CHARACTERIZATION OF THE THERMAL MOTION 
IN TRISACETYLACETONATOCHROMIUNI(II[I) 

C. K. Jolmson R. C. Thomas’ 

An x-ray diffraction crystal-struclure analysis by 
Morosin2 showed that one of the three acetylacetonato 
ligands (i.e., ligand A) in Cr(CW3COCHCOCfi3)3 under- 
goes unusu:illy large tliernial displacements along the b 
axis of the monoclinic crystal. The abnormal thermal 
motion makes this crystal a good canhdate for the 
evaluation of various methods for determining thermal 
motion. 

In order to test tlie hypothesis that the laige 
displacements are caused by a dynamic thermal effect 
and not by static disorder, a preliminary study of 
thernial-diffuse scattering of x rays was made. The 
results of that study, summarized in the caption to Fig. 
7.9, led us to conclude that the hypothesis is true 

A neutron-diffraction structure analysis of the crystal 
was undertaken to permit a proper characterization for 
the thermal displacenients of the hydrogen atoms on 
the six different methyl groups. A total of 2829 unique 
neutron Bragg-diffraction data were collected at the 

ope Reactor using a 40.2-mg crystal3 
held at -5°C by a cold air stream. The large thermal 
mofion caused the intensities to ctiminish rathei rapidly 
with increasing 28, and an extended data set was 
collected later at 40”C, however, the preliminary 
results presented below are from the data collected at 

5°C. The diffraction data were corrected for absorp- 
tion. 

For the least-squares refinement, the star tirig param- 
eters for the heavy :itoms were taken from tlie x-ray 
resulls of Trus and Marsh,4 and the starting hydrogen 
parameters were determined by Fourier methods. The 
refined methyl-group conformations, illustrated in Fig. 
7.10, show no prefeience for any particular eclipsed or 
staggered intramolecular configuration and, in fact, 
appedr to be influenced principally by intermolecular 

packing considerations. The unweighted R factor based 
011 F 2  for the refinenlent wilh anisotrupic temperature 
factors is 13.4% fot all data. Tlxs rather high R value 
does not reflect the quality of the data but rather 
indicates that the normal model is iriadequate when 
large-amplitude curvilinear thermal motions are present. 
More elaborate models, including the orthogonalized 
series-expansion model described in last year’s report,5 
will be adjusted i o  the neutron data set collected at  

40°C. 
‘The average bond lengths (A) derived from the 

present refinement, along with the corresponding values 
corrected for thermal motion by the segmented-body 
mode1,6,7 are: Cr-0 bonds, 1.970 ( I  ,986); terminal 
C-C bonds, 1.507 (1.5 (8 ) ;  internal C-C bonds with 
partial double-bond character, 1.3Yb (1.406), C -0 
bonds, L .257 ( I  ,269); and C-H bonds, 1.070 (1 .l69) 
[ot 1.030 (1.148) omitting ligand A ] .  The C H 
distiinces tend to be overcorrected and iridicate that a 
more rigorous model* should be used for correcting 
interatomic distances when large-amplitude curvilinear 
motions are present. 

The orientations of the thermal ellipsoids jn Fig. 7.10 
indicate the presence of internal molecular torsional 
molion for the methyl groups on ligaods B and C. This 
motion can be approximated with the segmented-body 
model7 by letting each methyl group nde on the rigid 
body of the paient ligand with freedom of motion 
about the adjacent C C bond. The internal torsiondl 
amplitudes derived in this mtinner are 27.4, 24.1, 32.2, 
atid 26.6” for methyl groups l B ,  5B, IC, and 5C 
respectively. 

The large thermal motion of h e  A ligands is 
illustrated in Figs. 7. I 1 arid 7.12. Some of the hydrogen 
atonis have rms displacements of nearly 1 A. An 
interpretation which is consistent with the thernial- 
ellipsoid drawings m d  the diffuse-scattering results is 
that the A ligands in a given column parallel to  the b 
axis are moving UI phase cooperatively over an extended 
distance along b, and the corresponding motion in 
adjacent columns is independent. 

Ramon spectroscopic studies of an of tented single 
crystal of trisacetylacetonatoaluminum(ll1) were car- 
ned out by J. B. Bates (Director’s &vision). This crystal 
is isostructural with the Cr derivative and has more 
favorable optical properties. A polarization analysis of 
the particularly strong band at 17 cm-’ indicates that a 
librational lattice vibration exists with large projected 
displacements in the crystallographic ah plane. which is 
tlie piincipal plane for motion of ligand A. Furthei 
collaborative studies along this line are under way. 
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130°K 241°K 

Pig. 7.9. Stationary-;crystal flat-film x-ray photographs from a single crystal of trisacetylacetonatochromium(ii1) at fow different 
temperatures. The [301] axis is vertical, and the (0101 axis is horizontal and points to the right. These 1-hr exposures to 
zhconium-filtered x rays from a molybdenum-target tube were recorded with a Polaroid cassette containing a fluorescent intensifying 
scieen. The sharp spots are Laue reflections from the polychromatic x-ray continuum, and the broad streaks are diffuse scattered 

intensities from the monochromatic Mo Kcu line. The continuous temperature dependence of the diffuse scatt- rules out the 
possibility of extensive static disorder in the crystal. 
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Fig. 7.10. Thermal ellipsoids for the six different methyl groups and their neighboring atonis in trisacetylacetonatochro- 
mium(Il1). Each group is viewed along a termlnal C-C bond The elhpso~ds eiiclme 20% probabrllty. 

Pig. 7.1 1. Stereoscopic view of  trlsacetylacetonatochrornlum(II1) showing the 20% probability level for the thermal ellipsoids. 
The a axis IS horizontal, and the h axis i \  vertlcal. Note how the acetylacetonato ligands A pack together to form twodimensiond 
sheets through the crystal. 
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Fig. 7.1 2. Thermalellipsoid drawing illustrating &lie two- 
dimensional sheet fornled by adjacent columns of A ligands. 
l h e  c axis is horizontal, and the b axis is vertical. 'The ligands 
shown are related by inversion centers and twofold screw axes. 
The ellipsoids are scaled to enclose 20% probability. 

CRYSTAL AND MOLECULAR STRUCTURE 
OF TRIMERCURY CHLORQALUMINATE, 

Hg3 ( A U  12 

R. D. Ellison H. A. Levy 

Yellow needle-shaped crystals of the new compound 
Hg3(AIC14), were furnished by Dr. K. W. Fung and 
Prof. G .  Mamantov of the University of Tennessee, who 
have reported its preparation' and, with G. M. Begun of 
this Division, have characterized the compound.2 
Because the crystals are highly hygroscopic, all manipu- 
lations wei-e carried out in a dry box (<2 ppm IIzO). A 
specimen about 0.05 X 0.10 X 0.40 mm sealed in a 
glass capillary was used to obtain all x-ray diffraction 
measurements (Mo K a  radiation). Measurements of the 
dimensions, shape, and orientation of the specimen 
were refined by the niethod of least squares in a novel 
procedure3 to permit calculation of absorption correc- 
tions. 

The crystals are monoclinic, space group P2,/c ,  with 
4 molecules per unit cell of dimeribions n = 7.1321(2) 
8, b 7 15.0468(3) 8, c = 14.17'71(4) 8, 0 - 99.05(1)" 
(the numbers in parentheses are least-squares standard 
errors corresponding to the least sigriificant digit of the 
associated quantity). The structure was solved by 
inspection of a Patterson function prepared from 439 1 
symmetry nonequivalent reflections. Subsequent refine- 
ment by the method of least squares yielded the atomic 
parameters listed in 'Table 7.2 [discrepancy index R, 1= 

0.082 for IEI2 2 0 ( F 2 ) ] .  
The molecule, illustrated in Fig. 7.13, contains 

Hg-~Hg bonds averaging 2.56 A and Hg-Cl bonds 
averaging 2.54 tf in length and is well isolated from 
neighboring molecules, for which the closest approach 
is a contact Hg ... C1 of 3.21 A. The central skeleton is 
nearly linear with angles C1(7)-Hg(2)-Hg( I )  = 
176.6(1)', Cl(1 l)-IIg(3)-IIg(l) = 172.8(1)0, and 
Hg(2)-Hg( l)-Hg(3) = 174.42(4)". Coordination of CI 
atoms around both AI atoms is nearly that of a regular 
tetrahedron, the angles ranging froin 104.5 to 113.3". 
The bonds from A1 to  bridging C1 atoms average 2.18 A, 
longer by 0.06 a than the average of those to terminal 
CI atoms. There is an approximation t o  twofold 
rotational symmetry about an axis through the central 
Ilg atom. 

The Hg, group has been found also in a study4 of the 
compoiind fl[g,(AsF, )z ,  which cane  to our attention 
after completion of the present work; in this case the 
group is required by site symmetry to be linear and 
symmetric, and the Hg-Hg bond length of 2.55 A is in 
good agreement with the value 2.56 8 found in 
Hg3 (?\1CI4 . These values are somewhat larger than 
those in the range 2.49 to 2.54 8 reported for the 

Table 7.2. Fractional atomic coordinates of the 
crystal structure of Hg3(AICl4), 

Atom 

Hg 1 
Hg 2 
Ilg 3 
AI 4 
CI 5 
CI 6 
c 1 7  
C18 
A1 9 

CI 10 
c111 
CI 12 
CI 13 

X 
.~~ ..... ~~ ~-~~ ....... ~ ........ ~ 

-0.1804 
- 0.007 2 

0.3942 
0.3181 
0.4061 
0.1763 
0.6460 

-0.8050 
-0.8462 

-0.3684 

-0.5123 
-0.9946 
--0.8245 

V Z 

0.1370 0.1099 
0.2597 0.0360 
0.025 1 0.1960 
0.3180 0.0949 
0.3280 -0.2447 
0.1842 -0.0448 
0.3832 -0.0271 
0.391 1 -0.0471 

-0.1023 0.2232 
-0.2379 0.1896 
-0.0878 0.2983 

0.0630 0.3154 
-0.0214 0.0988 
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Iig-Hg bond lengths in several halide' and other 
salts".' of the mercurous ion Hg,2+. 'I'he increase is in 
accord with expectation for the lower average oxidation 
state of mercury in Hg, '+. 

The average Hg---Cl bond length of 2.54 a in 
Hg,(AlC14)2, in which the CI atom is a bridge between 
fig and Al, is significantly greater than the recently 
reported5 value of' 2.43 A in Hg,Clz, in which no 
bridging occurs. The AI--CI distances, 2.106 to 2.185 A, 
are similar lo those reported' for Co(AlC14)2, 2.105 A 
for the terminal C1 atoms and 2.15 1 to 2.188 A for the 
bridging CI atoms. The distances13 in NsAIC14, all to 
nonbridging C1 atoms, are also sirnilar, 2.1 I to 2.16 A. 

12 

CL 13 

Significant contacts between ZIg3(A1C14)2 molecules 
are all between Hg and C1 and range in length from 3.21 
to 3.80 a. The arrangement may be visualized as 
consisting of double chains along the crystal a axis as 
illustrated in Fig. 7.14. The chains are linked to 
neighboring chains by Hg ... CI contacts which form a 
net of molecules in the (102) planes of the crystal as 
shown in Fig. 7.15. 

Although the Hg C1 bond length of 2.54 in the 
crystal is somewhat greater than one might predict for a 
covalent bond (one-half the Hg-Ilg distance plus the 
covalent radius of C1, e.g., yields 3.28 A), it is much 
shorter than an *xpected ionic contact ( - 3 . 1  A). 

ORNL-DWi  71- 5677 

CL 10 

12 

Fig. 9.13. Stereoscopic illustration of the molecular structure of Hg3(AIC14),. Atoms are I epreScJited by 50%, probability 
thermal ellipsoids. Interatomic distanLxs (A) are shown; their precision is Hg-Hg, 0.00J ; Hg--CI, 0.004; AI---Cl, 0.006. 

ORNL DWG. 71 5679 

Fig. 7.14. Stereoscopic illustration of the packing of Hg3(AlC14)2 molecules into chains. Three repeating units are showri. The 
AlC14- tetrahedra are outlined with single light lines, and nonbonded Iirg ... C1 contacts are indicated by double tines. 'The n axis of the 
crystal i s  horizontal. 
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HG3 IRL CLul  Wrn 

O R N L  DLVG. 71-5678 

Fig. 7.15. Stereoscopic illustration of the net of HgJ(AIC11)2 molecules parallel to (102) planes of the crystal. The view 
direction is along the normal to  (102); the b axiy is vertical, and the 12011 zone axis is horizoiital. 

Furthermore, since the distances from AI to bridging C1 
atoms are significantly longer than the distances to 
nonbridging C1 atoms, it is clear that the Ilg atoms 
conipcte effectively with A1 for the valence electrons of 
C1. Hence an ionic formulation implying separate Hg, *+ 

and A1Cl4- species does not appear to be an appropriate 
description of this structure. 

_. 

1. G. Torsi, K. W. Fung, G. M. Begun, and G. Mamantov, 
Inorg. Chenz. (1971), in prew 

2. G. M. Begun, “Molecular Spcctroscopy-,” a contribution in 
chap. 3, this report. 

3. H. A. Levy and R. D. Ellison, “Least.Squares Refinement 
of Mcasuremznls for Crys tal Absorption Corrections,” another 
contribution in this section, this report. 

4. C. G. Davies, P. A. W. Dean, R. J. Gillespie, and P. K. 
Ummat, Chem C‘obmnzun. (1971), in press; private communiza- 
tion of August 197 1.  

5. E. Dorm, Chem Comnzun., No. 9 ,466  (1971). 
6. D. Grdenii, J.  Chem. Soc. 1312 (1956). 
7. G. Johansson, Acta Chem Scand. 20,553 (1966). 
8. k‘. Donn, Acta Chem Scatzd. 21, 2834 (1967). 
9.  B. Lindh,Actn Chem Scand. 21,2143 (1967). 
10. R. C. Elder, J. Halpern, and J. S. Pond, J. Amei-. Chem. 

11. E. Dorm, Acta Chrm. Scand., 23, 1607 (1969). 
12. J. A. Ibers, Acta Crystallogr. 15, 967 (1962). 
13. N. C. Racnziger,Acfu Crystallog/. 4, 216 (1951). 

Soc. 89,6877 (1967). 

X-RAY AND NEUTRON DIFFRACTION STUDY 
OF XENON HEXAFLUORIDE 

P. A. Agron 11. A. Levy 

In spite of exterisive study by several investigators, 
the detailed atomic arrangement in crystalline xenon 
hexafluoride is as yet elusive. The substance exists in 
several crystalline modifications,’ each of which is 

subject to disorder. We report here conclusions drawn 
from x-ray and neutron diffraction studies of the 
room-temperature monoclinic modification (Phase I). 

The space group P2 ,/in and arrangement of Xe atoms 
at  the vertices of a nearly regular tetrahedron, loosely 
bridged by fluorine atoms situated outside the tetra- 
hedron faces, was reported earlier.’ Starting with this 
partial structiire and utilizing successive Fourier syn- 
theses alternated with least-squares refinements, a 
model of the remainder of the structure has been 
derived. This model contains five additional fluorine 
atoms bonded to each xenon atom: one, designated as 
the ”polar” flimrine, lies along the approximate trigonal 
axes of the tetrahedron, and four, designated as “waist 
fluorines,” lie in planes approximately perpendicular to 
the pseudotrigonal. axes. The waist positions do not 
conform to space-group symmetry; in fact, any attempt 
to place the requisite number of fluorine atoms in 
accord with the mirror plane required by the space 
g o u p  leads to unacceptably short 1; ... F contacts. The 
model is therefore described as disordered, with the 
mirror plane present only in the statistical sense. One of 
the disordered configurations is shown in Fig. 7.16. 
Least-squares refinement of the model (1 90 parameters, 
590 neutron diffraction data) yielded the measure of fit 

This fit, although not a5 satisfactory as is usually 
achieved, is good enough to suggest the essential 
correctness of the main features of the model. However, 
the large root-mean-square thermal displacements re- 
quired for the fluorine atoms (0.6 a average), the 
excessively large range of equivalent distances, and the 
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XFNON HEXFlFLUBRIDE XENON HEXRFLUOAIOE 

Fig. 7.16. Stereoscopic drawings of one formula unit of the xenon hevafluoride tetramer. The atoms are represented by 20% 
probability thermal ellipsoids Xe I, 2. 3 , 4  - xenon atoms at  the cornen ot the tetrahedron, E 5 , 6 ,  6 M ,  7 - bridging fluorine atom$, 
P I, 2, 3 ,  4 polar fluorme atom3 bound to their respective xenon atoms, W wrust tluorine atonis 

strange orientations o f  the thermal ellipsoids sugest  
that the fine details of the model are specious. 

Attempts to reach a better and more satisfactory 
model in the polar space group P2,  were fruitless. 
Attempts to describe the present model in terms of 
disordered arrangements of more symmetric molecular 
models also failed; in this study, idealized models with 
point symmetries of $3m, 2mm, 42m, and ;I were 
examined. 

The model shown in Fig. 7.16 has approximately the 
symmetry 4. The crystallographic mirror plane bisects 
the Xe3-Xe4 edge and passes through the Xe 1 and Xe2 
vertices. The disordered superposition thus has approxi- 
mate 42m symmetry. The separations of the Xe atoms 
range from 4.17 to 4.24 A. 'The distances from Xe to 
bridging fluorine atonis range between 2.20 and 2.80 A. 
Kemaining Xe to F distances range between 1.65 and 
2.00 A. N o  attempt has been made to  estimate 
separations corrected for thermal motion, hut these 
corrections could be of considerable magnitude. The 
extent of displacement of waist fluorine atoms toward 
the polar Huorine positions is indicated by the range of 
angles F(po1ar)-Xe--F(waist), which is 78.0 to 88.5". 
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R. Jones, R. D. Burbank, and W. E. Falconer, J. Chem. Phys. 
52, 6450 (1970); ibid., 53,  1605 (1970); and H. A. Levy and P. 
A. Agron, Chem Div. A m u .  l'rogr. Rep. Muy 20, 1970, 
ORNL-458 1 ,  p. 1.50. 

2. P. A. Agron, C. K. Johnson, and H. A. Levy, Znorg. Nucl. 
C'henr Lett. 1, 145 (1965). 

A COMPUTER PROGRAM TO AID 
IN THE UNDERSTANDING OF INTERATOMIC 

FORCES IN MOLECULES AND CRYSTALS 

W. K. Busing 

Extensive modifications have been made to a com- 
puter program which was described previously' so that 
it is tiow capable o f  manipulating static arid dynamic 
models of crystals or isolated molecules and calculating 
their energies fi-om interatomic potential functions. The 
main features of this program are described here, and 
some applications of the program are illustrated in 
accompanying reports.2 z 3  

The models under consideration may be built up of 
rigid molecules which may rotate or translate, mole- 
cules composed of rigid segments but witly internal 
rotation about certain bonds, or individual atoms with 
positions which can change independently. 'These units 
may be used to describe either crystals or isolated 
molecules, and the model may be constrained to  
conform to any desired crystal or niolecular symmetry. 
The parameters which describe the structure include the 
crystal-lattice parameters and the translations and orien- 
tations of the rigid units. 

The energy calculated for the model may iticlude the 
following contributions: (1) Coulomb energy, ( 2 )  
inverse-sixth-power van der Waals attraction, (3) expo- 
nential repulsion in the form suggested by Gilbert,4 (4) 
a quadratic potential 'hk(rij - roI2 associated with a 
covalent bond, (5) a quadratic potential o f  similar form 
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associated with an intramolecular bond angle, and (6) 
an energy associated with a torsional strain about a 
covalent bond. In calculating the first two terms for 
crystals the EwalJ-Bertaut-Williams method’ ,6 is used, 
so that convergence errors can be virtually eliminated. 

Several types of calculations may be made with this 
program. One may wish to adjust the structural 
parameters to minimize the energy; three different 
techniques are available for this purpose. In Newton’s 
method the second derivatives of the energy with 
respect to the parameters are used to solve for the 
configuration in which the first derivatives are zero. 
This method is useful only when the trial structure is 
already near a relative minimum. Alternatively, the 
program can use the method of steepest descents, which 
uses only first derivatives, or a modified Rosenbrock 
~ e a r c h , ~  which requires no derivatives. 

The program can also calculate the vibrational fre- 
quencies and normal coordinates for any structure at an 
energy rxjnimum. The basic coordinates of this calcula- 
tion are the structural parameters of the model (exclud- 
ing the lattice parameters); these may be constrained to  
conform to any desired symmetry. In this way it i s  
possible to study the internal modes of an isolated 
molecule, the lattice modes of rigid molecules in a 
crystal, or the interaction of lattice modes and internal 
modes of flexible molecules in a crystal. 

Another scheme of operation may be used to adjust 
parameters of the potential functions using the method 
of least squares. Observations for this calculation may 
include known structural parameters and experimental 
lattice energies, and it is possible to use information 
from several substances to adjust potential parameters 
common to them. These observations may be appropri- 
ately weighted.’ 

A mapping option is also available which calculates 
the energy over an array of points in parameter space. 
Up to  three structural or energy parameters may be 
stepped through specified ranges for this calculation. 

In all of these calculations where first and second 
derivatives are needcd, they are obtained numerically. 
This greatly simplifies the application of constraints and 
increases the flexibility of the program. 
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A METHOD FOR PREDICTING THE 
CONFOKMATlON OF ‘THE ISOLATED MOLECULE 

O F  AN ORGANIC COMPOUND 
FROM ITS CRYSTAL STRUCTURE 

W. K. Busing W. E. Thiessen 

Crystal structure determinations, especially of organic 
compounds, are often performed for the principal 
purpose of determining the molecular geometry rather 
than for any interest in the crystal structure itself. 
When a feature, of this geometry appears to be unusual 
the question arises as to whether it should be con- 
sidered to be a property of the molecule or whether it is 
a result of intermolecular forces in the crystal. An 
example of such a feature is the orientation of the 
isopropyl group, C(12), C(13), and C(14), in nor-0- 
cubebone’ as shown in Fig. 7.1‘7. 

According to a simple model2 the configuration of 
the C(7) and C(12) hydrogen atoms would be expected 
to be unti, whereas in fact a gmche arrangement is 
found.3 We have calculated the intramolecular and 
intermolecular nonbonded interaction energy for this 
compound using a computer program described in 
another report4 to show in a preliminary way that the 
configuration found in the crystal is probably the stable 
one for the isolated molecule as well. 

Fig. 7.17. Perspective drawing of the nor-p-cubebnne mole- 
cule. i h e  isopropyl group appears at the right. 
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The energy is assumed to have the form 

vo 3 

k=l 
t - - ( l - - c o s 3 & ) ,  

where the t e r m  represent van de1 Waals attraction, 
nonbonded repulsion, and a cui1 tribution from the 
three mean torsion angles &. Parameteis Di and B, for 
C,  H, and 0 weie fixed at values derived from those 
reported by o l h e r ~ , ~ ? ~  and the A,'s and Vo were 
adjusted by the method o f  least squares to make the 
arrangement with minimum energy reproduce the ex- 
perimental crystal structure. In minimizing the energy, 
12 degrees of freedom were permitted. the 3 param- 
eteis of the orthorhombic lattice, the 6 rotations and 
translations of the molecule, and 3 internal rotations. 
The latter were the rotation o f  the isopropyl group 
about the C(7) C(12) bond and the rotations of the 
methyl groups about the C(12)-C(13) and C(12)- 
C( 14) directions. All bond distances and angles were 
held constant. 'The largest discrepancies between the 
predicted and experimental stiuctures are 2.0% for the 
lattice parameters, 0.04 A fot the molecular tiansla- 
tions, and 1.4" for molecular or intramolecular rota- 
tions. 

Next, a relative energy minimum was found for Ihe 
isolated molecule using only the three internal rotations 
as degrees of freedom. The maximum rotation of a 
group frotn the position predicted i t 1  the crystal was 
only 0.05". 

The energy minimization was pel formed twice more 
for the isolated molecule, stdrtiiig with the isopiopyl 
group rotated 120 and 240" from its experimental 
position. Local minima were found tiear these starting 
positions with calculated energies 0.8 and 0.9 kcal/niole 
higher than that calculated for the observed configura- 
tjon. We conclude, therefore, that the arrangement 
found in the crystal would also be the stable one for the 
isolated molecule. We regard out calculations as prelimi- 
nary, however, because the groups were constrained to 
be rigid. We are proceeding with efforts to remove this 
restriction and also to  study other aspects of the 
molecular geometry which may be of interest. 

1 .  W. E. 'lkessen, Chem. Div. Annu. Progr. Rep. May 20, 
1970, OKNL-4581, p. 140. 

2. E. L. Eliel, Stereochemistry of Curhon Compounds, chap. 
6, MGraw-Hill, New York, 1962. 

3.  For other examples of this configuration, see M .  G .  B .  
Drew, D. H. Templetoti, and A. Zalkin, Acra Crystallogr., Sect. 
B 2 5 ,  261 (1969), and R .  Yanhasaralhy et al. ,  Tetrahedron 26, 
4705 (1970). An anti arrangement aLso has been found: E. 
€t6hne, Collecr. Czech. Chem. Commun. 28, 3128 (1963). 

4. W. K .  Busing, "A Computer Program to Aid in  the 
Understanding of Interatomic Forces in Molecules and Crys- 
tals." the preceding contribution, this report. 

5. D. E. Williams, Trans. Arner. Crystallogr. Assoc. 6, 21 
( 1  970). 

h. D. A.  Buckinghani et  al., J. Amer. Cliem. Soc. 92, 3617 
(1970). 

THE CALCULATION OF POTENTIAL-ENERGY 
PARAMETERS FROM THE VIBRATIONAL 

FREQUENCIES OF ETHANE 

W. R. Busing 

Several auttiors' --4 have described calculations which 
predict the configuration of an isolated molecule by 
minimizing i t s  energy, and we are proceeding t o  make 
similar calculations for molecular crystals.5 

The energy is calculated from a model which includes 
ternis to represent van del Waals attraction and expo- 
nential repulsion between nonbonded atoms, contribu- 
tioris of the fvrm '/2k(rll - rn)' for bond-length 
deformation, analogous terms in the bond angles, and 
contributions which depend on the conforination 
angles. Previous authors have ser rD at ttie usual bond 
distance and taken the force constant k duectly from 
the results of' vibrational spectroscopy. However, since 
the spectroscopic values were derived without taking 
into accoiiiit nonbonded interactions, it seems reason- 
able to rederive these energy parameteis from the 
known geometry and observed vibrational frequencies 
of a simple molecule. We have chosen to make these 
cdlculations fot ethane, CH3CH3, because its frequen- 
cies and geometry are well known. 

Fixing nonbonded repulsion and van der Waals 
par:lnleteIs a t  values consistent with t he  crystal ctruc- 
ture of it large organic m o l e c ~ l e , ~  we have used the 
progiam described in another report6 to adlust the 
other energy parameters to reproduce exactly the 
geometry of el tiane and to approximate its vibrational 
spectrum. The agreement between observed and calcu- 
lated frequencies is not good enough to indicate that 
the result is an accurate niodel fui  the potential energy 
of ethane, bul these parameters should be better than 
those previously used for the calculation of molecular 
conform tion. 
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1 .  J. 8. Hendrickson, J. Amer. Chem. SOC. 83, 4537 (19Gl). 
2. K. B. Wiberg, J. Arrier. Chem. SOC. 87, 1070 (1965). 
3. R. 1-1. Boyd, J. Cherir Phy.~. 49, 2574 (1968). 
4. D. A. Buckingham et al., J. Amer. Chem. SOC. 92, 3617 

(1 97 0). 
5. W .  R .  Busing and W. E. Thiessen, "A Method for 

Prcdjcting the Conformation of the Isolated Molecule of an 
Organic Compound from Its  Crystal Structure," the preceding 
contribution, this report. 

6. W. R.  Busing, "A Computer Program to Aid in the 
Understanding of Interatomic Forces in Molecules and Crys- 
tals," a previous contribution in this section, this report. 

CONVENIENT WAY OF APPLYING 
CONSTRAINTS IN A CRYSTALLOGRAPHIC 

LEAST-SQUARES REFINEMENT 

W. R. Busing 

A crystallographic least-squares program adjusts pa- 
rameters p j  to make the calculated structure factors F h  

agree with those observed. The derivatives a F h / a p i  

needed to set up the normal equations are calculated 
analytically for each reflection with indices h. 

I t  is often desirable to apply various constraints to the 
parameters being adjusted, and one w3y of doing this is 
to choose certain parameters pj' as independent and to 
require other parameters to have values which depend 
on them. The derivatives needed for the constrained 
refinement are then 

Users of our least-squares program' have been required 
in the past to  write two subroutines: subroutine 
RESETP, to set the dependent variables p i  in terms of 
the independent ones p) ,  and subroutine CSTRAN, to 
set the derivatives af ih lap ' j  in terms of the a F h / a p i  

which are calculated by the program. 
Preparation of this last routine has now been elimi- 

nated by the inclusion of a general CSTRAN routine 
which uses subroutine RESETP to determine numeri- 
cally the coefficients a p i / a p )  and automatically calcu- 
lates the revised derivatives. The numerics1 differentia- 
tion needs to  be performed only at the start of each 
cycle, because the coefficients are the same for every 
F h .  'This modification, which is described in more detail 
elsewhere,* greatly facilitates the application of compli- 
cated constraints. 

1. W. R. Busing, K. 0. Martin, and H .  A.  Levy, OR FLS, a 
Fortran Crystallopaphic Least-Squares Program, ORNL-TM- 
305 (1962). 

2. W. R. Busing. submitted for publication in Acta Crystul- 
log. 

LEASTSQUARES REFINEMENI' 
OF MEASUREMENTS FOR CRYSTAL 

ABSORPTION CORRECTIONS 

11. A.  Levy R. D. Ellison 

One step in the reduction of diffraction data in 
preparation for crystal-structure determination is the 
correction for absorption of radiation within the crystal 
specjmen. This correction is often evaluated by a 
numerical integration over the volume of the speci- 
men,' a procedure which requires a quantitative de- 
scription of the size, shape, and orientation of the 
specimen. 

A widely used computer program for this purpose, 
OKARS,* requires this information in the form of the 
coefficients of the equations describing the set of plane 
faces of the specimen. A modified version of ORABS in 
current use calls for input of this information in the 
form of the directions and lengths of a set of vectors, 
one for each plane face of the specimen, which lie 
perpendicular to the faces of the specimen and extend 
from a fixed origin to the point of intersection with the 
face or extension thereof. These data, estimated by 
means of an optical microscopic examination of the 
specimen, are subject to experimental error, particularly 
if the crystal faces are not sharply defined and easily 
visible. When the specimen must be enclosed during the 
examination, these errors can be serious. 

'This report describes a procedure whereby a set of 
approximate measurements may be improved by a 
least-squares procedure utilizing x-ray measurements of 
integrated intensities of equivalent Bragg reflections. In 
cases in which the present method is of value, differ- 
ences in observed values among such equivalent reflec- 
tions arise principally from absorption effects; the 
method adjusts the specimen parameters to produce 
corrected intensities as nearly equal as possible. 

The quantity minimized in this procedure is 

where Cijo and w i  represent the observed x-ray inte- 
grated intensity and weight for an observation i of a 
reflection j ,  T i  is the transmission factor for the 
observation, and C, is the absorption-free intensity for 
the reflection. The quantities Cj are independent of 
crystal orientation, whereas the observed quantities Cijo 

depend, through the transmission factors I;, on orienta- 
tion. If measurements of a reflection are made for more 
than one orientation (several Cjjo for each C,), either by 
utilization of symmetry-equivalent reflections or by 
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variation of the azimuthal angle of the crystal in one 
Rragg setting, the quantities Cj may be considered 
parameters to be adjusted, along with tlie size, shape, 
arid orientation parameters. This procedure tias been 
implemented for the IBM 360, utilizing modifications 
of the general FORTRAN least-squares program 
ORGLS3 and the crystal absorption program ORABS.2 

As a demonstration of the method, we present an 
application to data from the crystal4 tfg,(AIC14)2. The 
observations consisted of the integrated intensities of 
34 sets of four symmetry-equivalent general reflections 
from the monoclinic crystal. Initial measurements of 
the crystal faces were obtained by the usual optical 
examination but were considered of  less than usual 
precision because of difficulties introduced by the glass 
capillary surrounding the specimen. Paraine ters for the 
description of the crystal included the orientation 
angles and distance parameters for seven faces; those 
parameters judged to  be of minor importance in 
determining the transmission were held fixed lo avoid 
indeterminacy in the solution of the normal equations. 
In the present case, these fixed parameters included chi 
angles o f  all faces (for small and intermediate scattering 
angles in the bisecting mode of measurement, chi 
coordinates describe approximately the rotation of the 
specimen around the primary arid scattered x-ray beam 
and are lhus of little effect for absorption) and all 
parameters for the end faces of the needle-shaped 
specimen. Three distance parameters were necessarily 
fixed t o  establish the origin of  coordinates. 

Jn all, six parameters describing the crystal and 34 
absorption-free intensity values were adjusted against 4 
observations [or each of the 34 reflections. ‘The 
standard error of’ fit fell from an initial value of 10.1 to 
a final value of 0.97 (weights corresponded to a 
constant relative standard error of 4%). 

IJse of  the improved absorption corrections in least- 
squares refinement o f  the structure yielded a standard 
error of fit of 1.055, which may be compared with the 
value 1.34 with tlie original absorption corrections. 
Corresponding values of the conventional discrepancy 
indexlip 2 0 )  are 0.106 and 0.082. 

Figure 7.18 shows the shape arid orientation of the 
crystal specimen as originally estimated and as refined 
by the least-squares procedure. 

I .  W. R. Busing arid H. A. Levy, Acta Crystullop. 10, 180 

2. U. J. Wehe, W. R .  Busing. and H. A. Levy, ORABS, a 
t;brtrun Progrum for  Calculatirig Single Crystal Absorption 
C‘orreotions, ORNLTM-229 ( A p r i l  1962). 

3. W. R. Busing and H. A .  Levy, OIiGLS, a General Fortran 

(19.57). 

4. R. T). Ellison and N. A. Levy, “Crystal and Molecular 
Structure of Trimercury Chloroalumlnate, IJg3(AIC14)2,” a 
previous contribution in this section, this report. 

ORNL-DWG. 71 -5416 

- 
0.4 mm 

Fig. 7.18. Shape and orientation of tlie crystal specimen of 
Hg3(AlCl.1)2 as given by optical examination (above) aird as 
improved by the bast-squares procedure (below). 

A NEW FORMULISM FOR REPORTING 
THE PRECISION OF CRYSTAL STRUCTURE 

PARAMETERS 

C.  K. Johnson 

The results or a crystal structure determination 
conventionally are reported as three positional param- 
eters xi ( j  = 1,2,3) and six anisotropic thermal-motion 

Least-Squcrres Progrum, ORNL-TM-27 1 (June 1962). parameters hiJ (ij = 1,2,3; i < j )  per atom, with 
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standard deviations for all parameters. An unforturiate 
aspect of this practice is that the reported standard 
deviations alone do not characterize adequately the 
piecision of the positional and thermal parameters. In 
particular, they do  not permit the calculation of the 
estimated standard error for a derived quantity, such as 
an interatomic distance corrected for thermal motion. 
The standard deviation for a parameter is obtained from 
the appropriate diagonal element of the inverted least- 
squares matrix corrected for degrees of freedom (Le., 
the covariance matrix). A full characterization of the 
precision for a crystal structure would require the 
reporting of the complete covaiiance matrix; however, 
such a procedure is not practical. An abridged formu- 
lism for precision using eight parameters (sometimes 
just five parameters) per atom is presented here. Six of 
the eight parameters are taken directly from the 
covariance matrix to  define completely the symmetric 
matrix of covariances for the positional parameters, 
~/cov(xi, x’)ll, for an atom. The remaining two param- 
eters, p and h,  are scalar quantities, invariant to the 
choice of coordinate system, in the equation 

- 
- ,u cov(9, xk) cov(xi, x’) + p cov(xi, x‘) cov(x1, xk)  

t h cov(xi, x’) cov(xk, x’) . (1 )  

Equation (1)  is a tensor equation defining the calcu- 
lated covariances for the thermal-motion coefficients biJ 
in terms of observed covariances for the positional 

parameters x’. Since the covariances transform as  
tensors, we can always transform to a new coordinate 
system where Ilcov(xi, x’)ll is an identity matrix. In this 
positional unit-variance system of coordinates, desig- 
nated by carets, we may write the covariances of b‘j in 
matrix form as 

2p+h h h 0 0 0  
h 

O P O  
O O P  

where the correspondence between tensor indices i, j ,  k, 
2 and nidtrix indicesf, Jis  ij = 1 1 ,  22,  33, 12, 13, 23 fox 
f = I , ? ,  3 ,  4 , 5 , 6 .  

As a numerical example, we examine atom I19 in the 
crystal structure of the triclinic photodimer of isopho- 
rone.’ The matrix of the transformed observed covari- 
ances of biJ in a positional unit-variance system of 
coordinates is 

-77 -73 -2 f;; 311 -71 12 -4 3 

If we define 

3 i i  6 A  3 A  
s ,  = C“, s2 = c C“, s, = 8: C’J, 

I= 1 z=4 Z, J= 1 

we find from Eqs. (2) and ( 3 )  that 

1 
30 

p --(3.Y1 t 6S2 - S,) = 174 X 4 0 0 ~ ~  

and 

1 

9 
h =-(S3 ~ 6 p )  = 70 X 4007i4 

to give the result 

0 0 0 174 0 : I X400n4 ’  
cca,c,,=( -70 -70 278 0 0 

The disagreeinent factor, 

has the numerical value 0.09 for atom 139. The average 
disagreement factor for the 24 atoms in the photodimer 
is 0.08; the minimum and maximum values are 0.03 and 
0.13. This i s  a rather remarkable agreement for such a 
simple approximation as Eq. (1). 

An interesting correlation of anisotropy exists often 
between the positional error ellipsoid derived from the 
matrix Ilcov(xz, %’)I I and the thermal-motion ellipsoid 
derived from the matrix JJbi’/27r2 1). In the triclinic 
photodimer of isophorone, the correlation is suf- 
ficiently exact that we need present only five error 
parameters for each atom [p ,  A ,  and the square roots of 
the three eigenvalues of Ilcov(xi, x’)ll], since eigen- 
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vectors Cor llcov(xi, xi)ll are approximated well by 
those from llbij/2nzll. The size and anisotropy of a 
positional-error ellipsoid appear to be determined by 
two independent random processes: (1) the thermal 
motion and static disorder in crystal space and (2) the 
intensity errors in diffraction (reciprocal) space. If a 
sphere of intensities is measured and if the measure- 
ment errors are isotropic, then the anisotropy of the 
positional error ellipsoid will follow that of the therinal- 
motion ellipsoid. Further work is under way to develop 
a statistical model to explain the observed correlations. 

Linear combinations of the coefficients p and h 
derived by resolving the covariances of 6’j along an 
orthonormal set of isotropic tensor bases2 provide a 
convenient physical interpretation for the coefficients. 
The quantity 2fip is a measure of the shape un- 
certainty o f  the thermal ellipsoid, and the quantity 
3h + 2 p  is a nieasure of the size uncertainty. The 
quantities p and 3 A  + 2p must always be greater ttiari 
zero because the least-squares matrix is positive defi- 
nite. 

Assuming we have neutron data from a crystal with 
space group PT, a simplified analysis of the equations 
f o r  ii block-diagonal crystallographic least-squares ma- 
trix with one atom per block shows that p is propor- 
tional to the square of the atomic scattering amplitude 
and to the reciprocal square root of the determinant 
lbij/n2I. The analysis nlso pi-edicts tlie value 5.59 (i.e., 
56/2) for the ratio of shape uncertainty to  size 
uncertainty, S = 2 f ip / (3A  +- 2p). After full-matrix least- 
squares refinement, the average experimental values for 
S are 4.73 and 5.57 for the nonhydrogen and hydrogen 
atoms, respectively, in the lriclinic photodimer. When 
full-matrix refinement is used with x-ray data, the ratio 
S is diminished considerably for ;I heavy atom in the 
presence of lighter atoms, as shown by the average 
values 1.48, 5.07, and 5 5 3  found for the Ku, C1, and C 
a t o m ,  respect-ively, in decachloror~thenocene.~ The 
mean disagreernerit factor R ,  Eq. (4), for the 21 atoms 
in decachlororuthenocene i s  0.064, and the correlation 
o f  eigenvectors for the posit ional-error ellipsoids and 
the thermal-motion ellipsoids is extremely good. 

1. C.  K .  Johnson and A. Vos, Chern. Div. Annu. Yrog .  Rep. 
Muy 20. 1968, ORNL-4306, p. 160. 
2. U. C. Gazis. I. Tadjbakhsh, arid R. A. Toupin, Acta 

CrystaZIo,yr. 16, 917 (1963). 
3. G. M.  Brown, “Precise X-Ray Crystal-Structure Andysis of 

Decachlororuthenocene,” a previons contribution in this sec- 
tion, this report. 

ORTEP-11: A CRYSTALSTRUCTURE GRAPfnCS 
PROGRAM WITH ELIMINATION OF OVERLAP 

C. K. Johnson 

The computer program ORTEPI (Oak Ridge Thermal 
Ellipsoid Plot program) is used widely to  prepare 
illustrations f o r  crystal-structure papers. A shortcoming 
of the original version is that. tlie drawings produced by 
the plotter often require rnanual retouching to elimi- 
nate the portions of atoms and bonds which should be 
hidden behind other atoms and bonds. A new version of 
the program. ORTEP-11, elinlinates most of the retouch- 
ing tasks by solving the overlap problem analytically. 
Since the general graphical representation for an atom is 
a quadratic surface (i.e., a thermal ellipsoid) with 
internal structure such as principal axes and octant 
shading, the solution of the hidden-line problem is 
nontrivial and is described briefly. 

The overlap calculation in ORTEP-II involves three 
steps. In the first step, the projected outlines of the 
thermal ellipsoids and the interatomic bonds are si.ored 
as ellipses and quadrangles respectively. As a conse- 
quence of this projection, the major calculalions in  the 
succeeding steps can be performed in two dimensions 
rather than three. 

The second step, the area-overlap search step, is 
executed just before each atom or bond is drawn. A 
search o f  [tie projected ellipses and quadrangles is made 
to  detect all elements which intersect the projected 
atom or bond which is to be drawn. The quadrangle- 
quadrangle intersections are found by solving linear 
equations, and the ellipse-quadrangle intersections are 
found by solving quadratic equations. The ellipse-ellipse 
intersections could be found by solving quartic equa- 
tions; however, in this step we are concerned only in 
detecting the existence of intersections, and this prob- 
lem can be solved by examining the coefficients arid 
roots of B cubic equation.2 Once an intersection is 
found, the question of whether the interfering ;itom or 
bond is above or below the object to be drawn is 
resolved by three-dimensional vector analysis. 

The firial step of the overlap calculation is carried out 
just before each straight line segment in the graphical 
representation of an atom or bond is drawn. A list of 
intersections be tween the 1 ine segment and the interfer- 
ing ellipses and quadrangles found in the second step is 
compiled arid sorted by distance along the segment. The 
sequence of intersections is then analyzed to  determine 
which parts of the line segment are hidden, and the 
remaining visible poi-tions are drawn. An important 
feature of this scheme is that all graphical details, 
including chemical symbols inside an atom and bond- 
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distance labels inside a bond, are autotnatically cor- 
rected for overlap. 

Most crystal-structure illustiations are oriented to 
minimize the number of overlaps; however, partially 
hidden atoms and bonds often aid in giving a three- 
dimensional appearance to an illustration. An example 
of such a case is shown in Fig. 7.19. Other examples of 
unretouched ORTEP-I[ drawings are shown in Fig. 7.20 
and in other contributions included in this section of 
this report. 

1.  C. K. Johnson, O R E P :  A bortrm Thermal-Ellipsoid Plot 
Program for Crystd Structure Illustrations, ORNL-3794 (2d 
rev.) (June 1965). 

2.  The cubic equation i s  la + hbl = 0. where a and b are the 
3-by-3 matrices in the equations for the ellipses y '  a y = 0 and 
y' b y = 0 with y' = (x, y ,  I ) .  This is a Euclidean specialization of 
a result from classical projective geometry. See C. E. Springer. 
Geometry and Analysis of Projective Spuces. chap. 8, Freeman 
and Co.. 1964. 

CLIBQNE 

Fig. 7.19. An unretouched ORTEQ-I1 drawing showing the 
end-on view of a 70-8 !ength of alpha helix. 'There are 47 
residues in 13  turns of this alpha helical model for poly-L- 
alanine. The symbol R represents a methyl group. The atomic 
parameters are taken from A. Elliott and B. R. Malcolm, h o c .  
Roy. Soc., Ser. A 249, 30 (1959). 

ORNC-DWG. 71-746 

Fig. 7.20. An unretouched ORTEP-II &awing of the novel 
molecule: cubane [E. R. Pleischer, J. Arrer. C'hem. Soc. 86, 
3889 (1964)j. The width of the white strip between over- 
lapping elements is under program control and may be changed 
by the user. 

COMPUTER-CONTROLLED NEUTRON 
DIFFRACI'OMETE FOR 'THE STUDY 

OF LIQUIDS 

A.  11. Narten W. R. Busing H. A. Levy 

'The diffractometer,' located at the lower level of 
HR-4 at the OKR, was extensively modified for 
automatic data collection over the long periods of time 
necessary in the study of liquid samples. 

'The diffractometer consists of a monochromator 
crystal, banks of collimator slits, s monitor counter 
(BF3) in the primary beam? a detector (BF3) arranged 
to scan the diffracted beam out to  scattering angles 20 
2 120°, and a PDP-8S computer interfaced to the 
counters and to a stepping motor driving the detector 
arm of the instrument. Neutrons of wavelength h ;; 
1.101 '4 are selected by reflection from the (31 I )  
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Fig. 7.21. Neutron diffraction pattern of polycrystalline 
nickel. 

planes of a germanium cryslal. The samples are con- 
tained in thin-walled cylinders (<50 mm long, <lo mm 
diameter) of vanadium or vitreous quartz. In the 
present configuration, the accessible range of scattering 
angles 20 is such that 0.5 < s E (47r/h) sin 0 < 10 A-' .  

'The interface of the diffractonieler to  the computer is 
identical 1.0 that described2 Cor the triple-a xis instru- 
merits in use at ORNL, and existing programs can be 
used with only minor niodifical ions. 

Figure 7.21 shows tlie diffraction pattern of polycrys- 
talline nickel in a vanadium container (7 nlni OD, 
0.3-inm wall). From the width of the Bragg peaks the 
resolution of the jnstninierit (half width at half height) 
may be estimated as As < k0.05 a-' at low angles, 
increasing to As < t0.08 .%-I a t  high angles; these values 
are comparable with the resolution obtained in x-ray 
diffraction experiments. 

1. P.  C .  Sharrali and G. P. Smith, .I: Ckem Phys .  21, 228 

2 .  W. R. Busing et al., The Oak Ridge Computer Controlled 
(19.53). 

X-Ray Difjractrmzeter, O R N L 4 1 4 3  (1968). 

LIQUID GALLIUM: COMPARlSON OF X-RAY 
AND NEUTRON DlFFRACTlON DATA 

A. f i .  Narten 

Liquids have been studied with x rays since 1916 
and with thermal neutrons since 1950, The first 
quantitative comparison of tlie two methods was made 
in 1968 foi liquid lead and thallium,' and sizable 
discrepancies between the x-ray and neutron data 
measured in different laboratories remain unexplained. 
Liquid gallium (melting point 293°C) has been exten- 
sively studied with both x rays and neutrons, and again 
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the results of the two most recent ~ t u d i e s ~ > ~  differ by 
as much as 20%. Since gallium is easily supercooled to 
-0"C, it can be studied at room temperature, arid we 
have measured the diffraction pattern of liquid gallium 
at 20°C with both x rays and neutrons. 

In ii diffraction experiment an integrated intensity is 
measured at 21 given scattering angle 20. The integration 
over the energy transfer, ho, is performed by the 
detector so that an effective differential scattering cross 
section is measured. The observed intensity, corrected 
for background and absorption and scaled to the 
scattering from an average independent atom, may be 
written 

( 1 )  I(s) = f c 2  [l + h"(s)] + p i 2  t n . 

The variable J = (47r/h) sin U measures the momentum 
tiansfer, h s ,  in the case of elastic scattering, f ,  and f " ,  
are the static coherent and effective iiicokiererit atomic 
scattering amplitudes (isotropic tor neutrons but angle 
dependent for x rays), and A denotes the multiple 
scatteiing terms. The quantity h"(s) is, for x rays, equal 
to the static structure function 

with g(r) the pair cotrelation functlon and po the bulk 
density For neutrons of - 1  A, the scattering is 
centeied aiound the ekistic value since the incident 
eneigy (-0.085 eV) is rnuch laiger Ilian the energy 
trdnsfer (YO.01 eV). P13czek4 has shown that Cor this 
case the el'tective quantities tn Eq. (1) are related tu the 
static values by the apploxma te expressions 

The function p(s) can be c;ilculated4 from the incident 
iieutron energy, the neution mas%, and the mass and 
average kinetic enelgy of tlie atoms in  the hquid, for 
gallium the function p(s )  is a low-frequency term of 
magnitude (0.01 in the observed intensity -tuiiction. All 
quantities needed for the evdluation of Eqs (1) and (3) 
are either negligibly small or known with good accu- 
racy, and thus the structure function h ( ~ )  can be 
derived frotn the scattering data. 

Structure functions foi liquid gallium fiom x-ray ( A  = 
0.7 1 a) m d  neutron (A = 1 . I O  a) data are compared in 
Fig. 7 22 The neutron expetiment5 was done in 

transmission mode. and reflection geometiy WAS used in 
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Fig“ 7.22. Cornpasison of x-ray and neutron diffraction data 
on liquid gallium at 2Q°C. 

the x-ray experiment.6 The two data sets are of 
comparable accuracy (<I%) and cover the same range 
of scattering angles, 4” 2 20 2 120”. There is no 
significant difference between the x-ray and neutron 
data, and hence the equivalence of the two methods has 
been established, for the first time, with high precision. 

1.  D. M. North, J. E. Endeiby, and P. A. Egelstaff, Proc. 

2. S.  E. Rodriguez and C.  .I. Pings, J. Chem. Phys. 42, 2435 

3. P.  Ascarelli, Phys. Rev. 143, 36 (1966). 
4 .  G. Placzek,Phys. Rev. 86,  377 (1952). 
5 .  A .  H. Narten, CV. R. Busing, and 11. A.  Levy, “Computer- 

Controlled Neutron Diffractometer for the Study of Liquids,” 
the preceding contribution, this report. 

6 .  H. A .  Levy, M. D. Danford, and A. H. Narten, Data 
Collection and Evaluation with an X-Ray Diffrnc tometer 
Designed for the Study of Liquid Strucrure, ORNL-3960 
(1966). 

Phys. Soc., London, SolidState Phys. [2]  1(4), 1075 (1968). 

(1965). 

THE MEAN SPHERICAL MODEL: 
SOLUTION OF AN INTEGRAL EQUATION 

L. Blum’ A. 13. Narten 

FOR THE STRUCTURE OF LIQUI 

The equilibrium properties of siriiple monatomic 
liquids are described, in good approximation, by the 
potential $(r) and the pair correlation function g(r),  the 
latter being accessible from scattering experiments. 
Ornstein and Zernike2 (1 9 14) introduced a direct 
correlation function c(r) through the integral equation 

h(r) = c(r) + p o  J c(r ~ r’) h(r’) dr’ , (1) 

which may be regarded as the definition of c(r) in terms 
of the total correlation function h(r) E g(r) ~ 1,  with 
p o  the bulk number density. 

Of the many existing theories for predicting correla- 
tion functions from potentials, the Percus-Yevick (PY) 
approximation3 has been the most successful one. It 
assumes that the direct correlation function has the 
form 

c ( y )  = g ( 4  {I - exp [4(r)lkTIl, (2) 

and the PY integral equation is obtained by eliminating 
C(T)  from Eqs. (1) and (2). The PY appLoximation [Eq. 
(2)] describes the fluid noble gases well but cannot be 
expected to yield valid results for liquids interacting 
with relatively long-range forces. 

The mean spherical model (MSM) pioposed by 
Lehowitz4 assumes that the PY approximation [Eq. 
(2)] remains valid for radial distances r < u but that 
outside the hard-sphere diameter u the relationship 
between potential and direct correlation function is 

c(r) = -- S(r ) / kT ,  r > u . (3 1 

Waisman and Lebowitzs have shown that the MSM, 
applied to 1-1 electrolyte solutions, predicts excess 
energies and osmotic coefficients in close agreement 
with experimental values. 

To test the usefulnecs of this model for systems of 
particles interacting with long-range forces, we have 
calculated correlation functions from two potentials for 
liquid sodium. 

‘The Ornstein-Zernike equation (1) may be written in 
bipolar coordinates as 

with q(r)  E h(r) - c(r ) .  A trial function vin(r) was used 
to calculate a value qOur(r) from Eqs. ( 2 ) ,  (3), and (4). 
The two values were then “mixed” according to qn f 

(1 ~ a)qOut to yield a new trial function qin(r), and the 
iteration was repeated until convergericc was obtained. 
Our results for Paskin and Rahman’s6 potential LR02 
and for Schiff‘s7 potential V3 are in good agreement 
with those obtained by these authors from molecular 
dynamics studies. 

It seems likely that the MSM may be usefully applied 
to other liquids. We plan to use the model to extract 
potential functions from the diffraction data on gal- 
liums and water.9 
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3 .  J .  K. Percus and G. 1 .  l’evick,P/zhys. Rev. 110, 1 (1958). 
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6. A ,  Paskin and A. Rahman, Phys. Rev. Lett .  16, 300 

‘7. D. Schiff,Pkys. Rev. 186, 151 11969). 
8. A. H. Narten. “Liquid Gallium: Comparison of X-Ray and 

Neutron Diffraction Data,” the preceding contribution, this 
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Correlation Functions from X-Kay Diffraction,” the following 
contribution, this report. 

from the University o f  Puerto Rico, summer 1970. 

clam) 17,793 (1914). 

(1970). 

( 196 6 ) .  

LIQUID WATER: MOLECULAR CORRELATION 
FUNCTIONS FROM X-RAY DIFFRACTION 

A. €I. Narten H. A. Levy 

The scattering of  x rays or neutrons from molecular 
liquids can ;ilways be analyzed lo yield atoin-pair 
correlation functions from which the molecular struc- 
ture and positional or orientational correlations be- 
tween pairs of molecules can be inferred. Additional 
information may be extracted for nearly spherical 
molecules: the scattering from these liquids yields 
correlation functions for molecular scattering centers, 
from which the intermolecular potential and hence 
many thermodynamic properties can often be calcn- 
lated through molecular theory. 

Many nonspherical molecules have a very nearly 
spherical disi ribution o f  electron density; for these, 
x-ray rather than neutron scattering seems likely to 
yield information on the radial dependence of the 
molecular correlation functions. 

In the case of liquid water, orientational correlation 
between neighboring molecules must be expected to  
play an importmt role, but it is scarcely detectable with 
x rays. The x-ray scattering amplitude of a water 
niolecule has been calculated from the known molecu- 
lar structure and the atomic scattering amplitudes of 
oxygen and hydrogen (free atom approxitnation), and 
from the molecular scattering amplitudes defined by 
Steele and Yecora2 and evaluated by Blum3 from the 
SCF-MO expansions of Moccia“ (SCF-MO approxima- 
tion). Both approximations yield very nearly the same 
result. Comparison of the average scattering from one 
itdependent molecule, (1:’ ), and the average scattering 
from a molecule of random orientation with respect to 
any other molecule, (F)’ , shows that (F’) (F)’, within 
< l % ~  This means that orientational correlation between 

molecules in water cannot be detected with x rays, and 
the formalism descriptive of spherical. molecules may be 
applied to x-ray scattering data from water. 

We have deconvoluted the x-ray scattering data on 
liquid water and calculated positional correlation 
functions, G M ( r ) ,  descriptive of molecular centers. A 
comparison with previously derived atom-pair correla- 
tion functions, C(r) ,  is shown in Fig. 7.23. ‘The two sets 
of curves differ significantly in the region of radial 
distances I’ 2 3.5 A .  The maxinium around 1 A, 
characteristic of  the intramolecular 0--. H interactions, is 
absent in [,lie molecular correlation functions G‘,w(~) 
through their inclusion in t tie molecular scattering 
amplitudes. The peak around 2.8 A is sharper. in the 
molecular correlation functions because if represents 
true molecular pair interactions, while in the atomic 

ORNL- DWG. 71 - 9 6 0 A  
I I I --T-----r----- I I I I 

h..,J . _  

0 
u I I - I 1 .  I , v  I I 

0 1 2 3 4 5 6 7 8 9  
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Fig. 7.23. Comparison of correlation functions for liquid 
water at two temperatures. ‘[he functions C(r) represen 1 
superpositiori of modified atom-pajr correlation functions for 
0--0, W I - I ,  and ff - H  interactions. ’The functions C d v )  
represent correlation functions for x-ray scattering centers 
(oxygen atoms). 
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C(v) curves this peak shows the residual broadening of 
the inherent electron distribution. 

The molecular correlation functions for water are 
sufficiently accurate to provide a sensitive test for 
furure work on a molecular theory of liquid water. 
Alternatively, the data may be used to  test proposed 
potential functions in computer experiments. 

1. A .  H. Narten and H.  A .  Levy, J .  Cherri. Phys., in prcss. 
2. W. A .  Steele and R. Pecora, J. Chem Phys. 42, 1863 

3 .  I-. Rlurn, J.  Comput. Phys. 7 ,  592 (1971). 
4. R .  Moccia, J. Chew. Phys. 40, 2186 (1964). 

(1965). 

X-RAY UlFFKACTlON STIIDY 
OF 'THE SYSTEM BeF2-LiF 

A.  H. Narteii F. Vaslow 

We have resumed studies of molten salts by x-ray 
diffi-actjon io support of spectroscopic investigations of 
these materials. Initial studies were devoted to glasses of 
pure BeF, and of composition 15 mole 70 WF in BeF, , 
both at 25°C. Polycrystalline LiF was studied for 
comparison because it is very difficult to obtain 
noncrystalline solid samples containing more than 15 
mole '% LiF. Correlation functions' for these three 
materials, obtained from x-ray scattering experiments? 
are compared in Figs. 7.24 and 7.25. 

As a consequence of the long-range order in the 
crystalline phase, the function G(r)  for LiF (Fig. 7.25) 
deviates from the asymptotic value C(->= 1 to very 
large radial distances. In contrast, the correlation 
functions for the noncl-ystalline materials, typical of 
liquids, showed no significant deviations from a uni- 
form distribution of interatomic distances beyond 
about 8 A .  On the other hand, the peaks at 1.55 and 
2.54 a in the glasses, representing near-neighbor Be --F 
and F-F distances, show no significant broadening 
compared with the Li-F (2.01 a) and l:-F (2.85 A> 
peaks in crystalline LiF. 

We have shown2 that glasses of pure ReF2 and of 
S i02  contain Bet;, (Si04) tetrahedra joined at the 
corners so that one anion is common to two tetrahedra. 
The packing of these tetrahedra is very similar to that 
found in the crystalline modifications3 of HeF, and 
SiOz, and a model based on the quartz structure 
describes the diffraction data quantitatively. 'The quartz 
  nod el has also been shown4 to predict the vibrational 
spectra of  noncrystalline BeF, and SiO, in close 
agreement with experiment. The diffraction data on the 
noncrysiMline sample containing 15 mole % LiF in 
EeF, have not yet been completely analyzed, but a 

comparison with the curve for pure BeF, (Fig. 7.24) 
shows no  indication of deviations from the packing 
sclierne typical of all solid phases of &F,, namely, 
comer sharing of ReF, tetrahedra. , , , , I , pRNL-D,WG 71;4822Ai 

3 r /' 
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Fig. 7.24. Atorn-pair correlation functions (ref. 9) for non 
crystalline solid BeaeF.2 and 15 mole 70 LiF BeF,. 

POLYCRYSTALLINE L I F  I 

Fig. 7.25. Atom-pair correlation functions (ref. 1) for poly- 
crystalline LiF- 
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The structure of these solid noncrystalline materials 
may be regarded as a “snapshot” of the structure in the 
corresponding melts in the sense that all relaxation 
processes occur on a time scale large compared with 
that of most experiments. I n  Fig. 7.26 correlation 
functions for two molten samples of different composi- 
tion are presented. These curves have not yet been 
analyzed, but some qualitative stalernents may be 
made. 

The peaks (Fig. 7.26) characteristic of near-neighbor 
interactions occur a t  very nearly the same radial 
distances found in the solid phases, but they are 
consider ably broadened in the melts . This broadening 
might have been expected because in the liquids sizable 
instantaneous deviations from the average near-neighbor 
configurations must occur. The distance ratio for the 
maxima in the correlation functions (Fig. 7.26) which 
correspond to Be-F and F-F interactions indicates 
that the average deviation from ideal tetrahedral coordi- 
nation of the F-.. ions around the Be2+ ions must be 
quite small. 

We plan to study the system BeF,-LiF over wide 
ranges of composition and temperature using both x-ray 
and neutron diffraction. The diffraction work, when 
combined with results from thermodynamic, spectro- 
scopic, and possibly computer studies on these melts, 
may be expected to yield results of both fundamental 
and practical interest for the Molten Salt Reactor 
Prciject. 

1 .  The functions G(r)  represent superpositions of  modified 
atoni-pair correlation functions. 

OHNILUWG 71- 4831 
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Fig. 7.26. Atom-pair correlation functions (ref. I )  for molten 

solutions of BeFz in LiF. 

2. A.  13. Narten, .I. Chem. Phys., in press. 
3 .  R. W. C .  Wyckoff, CrysIal Structures, vol. 1, pp. 312-19. 

Interscience, New York, 1960. 
4. J. B. Bates, J.  Chem Phys., in press; also, “Llynamizs of 

P-Quartz Structures of Vitreous SiO, and BeFz,” another 
contribution in this chapter, this report. 

DIFFRACTION STUDIES ON AQUEOUS 
ELECTROLYTE SOLUTfONS 

F. Vaslow A. H. Nai-ten 

In the interpretation of the thermodynamic proper- 
ties of aqueous electrolyte solutions, some quantities 
and concepts of major importance are the mean 
distance of the ions from nearest-neighbor water mole- 
cules an3 from each other, the number of nearest- 
neighbor water molecules around the ions, and the 
effect of the solute ions on the general structure of 
water. These are matters -which can be effectively 
studied with x-ray arid neutron diffraction. 

Such studies are currently being carried out. At 
present experimental x-ray diffraction measurements at 
25°C are available for four solutions of I X I  ranging 
from 3.6 to 18.5 m. Neutron diffraction studies of 
corresponding solutions of 7LiCl in D20 are in prog- 
ress. 

Although only a preliminary analysis of the x-ray data 
has been made, there are some general conclusions 
which are worth noting. These conclusions are discussed 
in terms of the fou r  correlation functions calculated 
from the x-ray measurements and the curves for water’ 
and fused LiClz from previous work, all shown in Fig. 
7.27. 

A prominent feature of all four solution curves is the 
peak at 3.17 ’4, which is assigned to the separation of 
first-neighbor C1 and 0 atoms. A second peak at 2.0 A, 
tnarginal in the 3.43 m solution but reasonably clear in 
the others, probably represents 1 he I,i---0 nearest- 
neighbor distance. The preliminary least-squares an- 
alyses indicate that the peaks are consistent with four 
oxygen neighbors for the Li+ ions and six neighbors for 
the CI- ions. The distances given are based on 
least-squares analysis. 

For tlie 13.83 and 18.53 rn solutions, peaks a t  2.4 
and 3.7 appear which probably represent the Li---CI 
and ClLC1 distances. These distances suggest ion-ion 
contacts as in the fused LiC1, where the corresponding 
distances (based (XI ;I different method of analysis?.) are 
2.47 and 3.85 A, the latter probably involving several 
interactions. The fused salt, however, shows positional 
correlation (Le., structure) to  at least 15 A, while tlie 
solutions have little structure beyond 6 a, the 3.43 and 
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Pig. 7.27. X-ray correlation funclons for water, four CiCL 
mlutrons, md fused LICR. 

6.8 1 m solutions in fact having little structure beyond 
about 3.5 8. The 13.83 and 18.53 m solutions both 
show a broad peak around 6.2 a which may possibly be 
ascribed to C1- ion pairs separated by a water molecule. 
Each of the above distances corresponds fairly well to  
sums of Pauling radii for the Li', Cl--, and 0 2 -  ions. A 
prominent peak near 1 8 for the water and the 
solutions arises from the intramolecular K O  distance. 

In  several respects addition of LiCl disrupts very 
strongly the original water structure. The peaks around 
2.8. 4.5, and 7 8 in the correlation function for water 
have almost disappeared in that for the 6.81 m solution, 
while in contrast, in the case of a 6.5 m N1-i4C1 
solution, these peaks are almost unaffected. Even in the 
3.43 m solution the water peaks are sharply diminished, 
and the 0-0 distance in each of the four solutions 
appears t o  be close t o  3.0 A rather than 2.84 A, as in 
pure water. 

1. A.  H.  Narten, X-Ray Diffraction Data on Liquid Water in 
the Tempuature Range 4 --7OO"C, ORNL-4578 (1970). 

2. H.  A. Levy et al., Ann. N .  Y.  Acad. Sei. 79, 7b2  (1970). We 
are indebted to Dr. M. D. Danford for making available 
tabulated data for this system. 

INFRARE11 AND MAMAN SPECTROSCOPY 

EFFECTS OF DENSITY AND STATE 
ON THE PROFILES AND INTEGRATED 

INTENSITIES OF NEAR-INFRARED 
ABSORPTION RANDS OF H2 0 

W. C. Waggener A.  J .  Weinberger R. W. Stoughton 

Our studies of the familiar, broad 0.96- and 1.15-c( 
absorption bands of orthobaric liquid water from 0 to 
250°C' have been augmented by the data in Table 7.3, 
which show the effects of density and state on the 
integrated intensities of these composite bands near 
254°C. The effects on the band profiles are shown by 
plotting four of the data sets of Table 7.3 in Fig. 7.28. 
The gas-phase spectra were calculated and drawn by 
computer from data sets taken with the digitized Cary 
14. A special 0-0.2 absorbance-unit slide-wire was 
used, and the base lines were run with Ar replacing M2 0 
vapor at the same pressure and temperatuie in the 
sample cell. 'The ranges of the sample beam attenuation 
were 30, 19, and 7% for curves 3, C, and L ) ,  

respectively, in Fig. 7.28. 
The data for the liquid phase were obtained earlier, 

including calculation of the areas of the band coni- 
posites with due allowance for the overlap of nearby 
bands.' 

It is apparent from Table '1.3 that a t  a constant 
temperature the intensities of both the ( I  11) and (201) 
vibrational band composites of H 2 0  increase in going 
from the liquid to  the gaseous state and with decreasirig 
density. The increases in the integrated intensities of 
the ( 1  11) band composite (8000 -9600 cm-' ) and the 
(201) band composite (9600-1 1.625 cm-' ) in going 
from the saturated liquid to  the saturated vapor state at 
254" are 31 and 78% respectively. The associated 
decrease in density is about 37-fold. 

The integrated intensities of both bands continue to 
increase about 6 or 7% in going from saturated to 
superheated steam with a two- to fourfold decrease in 
vapor density. 

The effect of density upon vibrational absorption 
band intensities is qualitatively similar t o  that which we 
have previously observed in our study of the near- 
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Pig. 7.28. The effect of density and state on the molar absorptivities of  the two bands of fluid €120 near 254°C in the 0.85-1.3 
fi  region. 4, saturated liquid, 41.8 atm; B, - saturated vapor, 41 4 dtm, C, huperhedted vapor, 21.1 atm; 13, buperheated vapor, 10 3 
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Table 7.3. Effect of density and state on the integrated molar absorptivities of the two bands 
of fluid H20 near 254°C in the 0.85-to-1.3-p region 

Area (liters mole-' . .. . . . . .. Curve 'lenrperature Pressure Density _ _ _ _ _ - - - - -  

in Fig. 7.28 ("C) (atm) (gicm3' 8000-9600 cm-' 9600- 11,625 cm-' 

Saturated liquid A 253.8 41.8 0.7935 9.01 4.21 

Nearly saturated vapor 254.3 42.2 0.02152 12.07 7.69 

Nearly saturated vapor B 254.3 41.4 0.02 104 12.18 7.49 

Superheated vapor C 254.3 21.1 0.0095 3 12.55 7.59 

Superheated vapor 254.3 20.7 0.009 3 3 12.54 1.26 

Superheated vapor D 254.3 10.3 0.00447 12.86 7.97 
-.... . . . . -. . . .. . .._ _..... ..._.. 

infrared spectra of C 0 2  at 25",2 and may also be 
explained using the Lorentz theory of band broadening. 

1.  W .  C. Waggener, A .  J. Weinberger, and R. W. Stoughton. 
Chem Div. Annu. Progr. Rep. May 20, 1969,  ORNL-4437, p. 
107. 

2. \V. C. Waggener, A .  J .  Weinberger, and R. W. Stoughton, J. 
Pkys. Chem. 71,4320 (1967). 

SPECTROPfiO'lOMETRY OF LIQrJIDs 
.4ND SOLIJTIONS OVER WIDE RANGES 

OF TEMPERIPTLJRE AND PRESSURE 

W. C. Waggener 
A.  J. Weinberger 

W. H. Fletcher' 
R. W. Stoughton 

Measurements of the 3 V l C - "  band of CHRr, and 
CHCI, and of both the 3v1C-H and (2v1 + ?v4)C-H 
bandc of CIIF, in the orthobaric liquid state were 
completed. Bromoform and chloroform were studied a t  
intervals from their respective freezing points, 8.5 and 
.-63", up to the point where thermal decomposition 
was delectable in each liquid, 150 and 225" respec- 
tively. Orthobaric liquid fluoroform, which was studied 
earlier at 19 and at -48" in both the orthobaric gas and 
liquid states,2 was measured at 92 and at -123°C. 
Useful measurements could not be made at lower 
tenipcratures down to the freezing point (-- 165") due 
to the development of turbidity. Since the samples were 
iigorously dried using a molecular sieve, we believe the 
cloudiness was most probably caused by freezing out of 
traces of a fluorocarbon contaminant. 

I t  is apparent for these haloforms that ( 1 )  the bands 
are complex and have a distinct asymmetry, (2) the 
band intensities of CHF, arc the order of a tenth of  
those for CHCI, and CHBr,, (3) the effect of density 
changes upon the band positions for CHF, is opposite 
and an order of magnitude greater than that obseived 
for CHCI, and CHBr,, and finally (4) the effect of 

density changes upon the bandwidths for CHBr, is 
opposite those observed for CHCI, and CXF,. 

The bands appear generally to be skewed toward the 
high-energy side. 'This is true for CHC1, at low 
temperatures; however. a moment analysis of the 
3vIC-" for CI-ICI, indicated that its asymmetry de- 
creases with increasing temperature? is essentially zero 
near 140", and increases at still higher temperatures. At 
the higher temperatures the band i s  skewed toward the 
low-energy side. 130th CI-IF, bands exhibit nearly linear 
negative shifts in position, of the order of -0.48 
cm-' /"C, with increasing temperature in the range from 
--~123 to  20". The shift observed for the CIIBr, band 
also is essentially linear but positive, 0.1 cm-' /"C, over 
the temperature range from 8.5 (fp) to 150". In 
contrast, the shift of the CHCI, band is nonlinear. It is 
positive but very small (<0.03 cm-'/"C) at 4 3 "  (fp) 
but increases to the order of 0.1 cm-'/"C above 200". 
The 3 ~ , ~ - ~  band of liquid CHF, has an estimated half 
bandwidth of 103 cm-' at -123". I t  dccreases only 
slightly with increasing temperature to 100 cm-' at 
-92" and 97 cn1-I at -48". then more rapidly to about 
73 cm-' at 20". Similarly, the half bandwidth of 
3 ~ , ~ - ~  for liquid CHCI,, which is between 59 and 60 
cm-* at -63" (fp), narrows with increasing tempera- 
ture to about 52 cm-' at 80". Between 80 and 140" 
the half bandwidth reaches a minimum of 5 1 cm-' and 
;it higher teniperatures appears to  broaden slightly. In 
contrast, the half bandwidth of 3v,C-H for liquid 
CHBr,, which is 49 cm-' at 8.5" (fp), is relatively 
insensitive to temperature change but does broaden 
slowly and nonlinearly with rising temperatures to  51 
cm-' in the region of 150°C. 

'These observations point up the fact that these 
spectra reflect in a complex way both the internal 
structure and the environment of these relatively simple 
molecules. Assuming that a major factor causing the 
asyminetry and change in apparent position of the 
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CHU3 and CIIBr3 bands is overlapping “hot bands,” 
we are ai tempting to analyde the band profiles by 
least-squares fitting, using mixed Gauss-Lorentzian dis- 
tribution functions which are introduced 111 accord with 
the positions and intensities of the main band arid the 
predicted hot bands. The initial trials indicate that a fit 
can be obtained with a reasonable number (two or 
three j of hot bands. 

The bands of CHF3 are apparently perturbed by these 
same factors, but a larger effect is produced by 
hydrogen bonding, which causes the bands to broadcn 
and shift to lower frequencies as the temperature is 
increased. 

The relative breadth arid band broadening observed in 
the three liquid haloforms are correlated with increasing 
intermolecular association in going from CHBr3 to 
CHF3. The 3vl band is narrowest for CHBr, and it 
broadens slowly and monotonically with increasing 
tempeialure. The barid for CHCI, first narrows and 
then broadens with temperature, indicating that at the 
lower temperatures the effect of hydrogen bonding IS 
overriding the effect of kinetic broadening which 
should occur in the absence of specific interaction. In 
the case of CHF3 the 3v, band is extremely broad, arid 
the observation that the band narrows monotonically as 
the temperature of the orthobaric liquid is raised to 
within a few degrees of the critical point indicates rela- 
tively strong intermolecular association. 

1 .  Department of Chemistry, University of Tennessee, Knox- 
ville. 

2. W. C. Wa.Gener, A J .  Weinberger, and R. W. Stoughton, 
Ckerri. Div. Annu. Progr. Rep. May 20, 1,470, ORNL-4581, p. 
153. 

MEASUREMENT OF INFRARED EMISSION 
SPECTRA OF MOLTEN SALTS BY FOURIER 

TRANSFORM SPECTROSCOPY 

J .  B. Bates’ G. E. Boyd’ 

Infrared spectra of molten salts have been measured 
with transmission2 and reflection3 ?4 methods as well as 
with emission techniques.s There are serious problems 
and disadvantages characteristic of each of these 
methods which are due partly to the system being 
studed but also, to a greater extent, to the inherent 
deficiencies of conventional grating spectrophotom- 
eters. The large absorption coefficients of ionic melts 
such as the alkali metal nit1 ates2 require that very thin 
samples be used in transmission ineasutements; other- 
wise insufficient energy is received by the detector. The 
attenuated totel reflection method (ATR)4 appears to 

offer a somewhat improved technique, but the ATR 
reflection elements must not react with the molten salt 
since they are in direci. contact with the melt. For 
corrosive melts such as NaBF4, the cost of a suitable 
ATR element such as diamond would be considerable. 
Both transmission and reflection spectra of molten salts 
will contain uncorrected contributions from emission, 
which will distort the measurements to an exterit which 
depends on the melt temperature. (The higher the 
temperature, the stronger the emission from the melt.) 
Infrared emission spectroscopy5 provides an alternative 
method in which the sampling problems discussed 
above are avoided. 

The selection rules for infrared activity in emission 
spectra are the same as those for the absorption of 
infrared radiation. Since the intensity of the observed 
emission is dependent on the population of upper 
vibrational states, however, strongcr emission can be 
achieved by increasing the temperature of the sample. 
The sensitivity of the instrument employed to measure 
emission spectra thus sets a lower limit to the tempera- 
ture at which a measurement can be made. In con- 
ventional infrared spectrophotometers, the spectruni is 
recorded by measuring the intensity of one spectral 
element (Av) at a time, where Av i s  defined by the 
spectral slit width. The energy in the remainder of the 
spectrum is thrown away (dispersed) by the monochro- 
mator. 

A Fourier transform spectrophotometer (FTS) op- 
erates 011 an entirely different principle. Briefly, the 
FTS is constructed around a rapid-scan Michelson 
interferometer. The interferometer produces an inter- 
ference or fringe pattern in a beam of light by varying 
the path length for one of the components of a split 
beam and then recombining the two beanis. The fringe 
pattern, or interferogram, which is measured by :in 

infrared detector is sampled as a function of the path 
length differences (S), arid the values of 6. and the 
recorded intensity are stored in a mal l  on-line com- 
puter. The infrared emission spectrum is recovered by 
taking the Fourier transform of the interferogram. 
Thus, dl 5peClral elements are sampled at the same 
time. The resolution is deterinined by the rnaximutn 
distance from 6 = 0 over which the interferogram is 
sampled. Defining a spectral eletiient, IV, by IV = (vbi ~~ 

v,j/Av, where v13 and vL are the highest and lowest 
frequencies, respectively, to be recorded and Av i s  the 
resolutioii, a conventional grating infrared spectropho- 
tometer will require a total time of NT to record the 
spectrum, where T is the response time of the detector. 
Since in an FTS all elements io the range uti -.- vI, fall 
OII the detector at the same time, the FTS can record 
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the spectrum N times faster for an equivalent signal-to- 
noise iatio. (The response times of the detectors are the 
same in botl-i cases.) For an equivalent scanning time, 
the signal-to-noise ratio can be improved by a factor of 
f icoinpared with the grating instrument. 

Emission spectra of molten KCIO,, LiNO,, and a 
inixture of LiN0, in KClO, were measured at about 
500°C using a Digilab model 14 FTS.6 The spectra 
shown in Fig. 7.29 were observed by collecting the 
emission from thin films of each material spread over 

ORILL-DWG. 74 - 6 4 7 3  

KC103  

Li N O j  

I 

2 - A - A  ..... I ........ I ..... u 

d ....... 1 ........ l . . l l . . . -  L 
) 800 1200 1600 2000 2100 

FREQUENCY (cn; ') 

Fig. 7.29. Emission spectra of molten salts measured by 
Fourier ~ G ~ ~ S ~ C J ~ A I  infrared spectroscopy. KC103, LiN03, and 
about 20 molc 70 LiNO3 in KC1O3. All spectra mcasured at 
about 5OOoC. 

the surface of an aluminum sheet placed on top of a hot 
plate. For a resolution of 8 ci~i- '  , the interferogram of 
each molten salt was recorded in 8 sec (16 scans). 
Computation and plotting required an additional 50 
sec. Thus, each spectrum shown in Fig. 7.29 was 
recorded in less than 1 min. The computation time also 
includes subtracting the background due to blackbody 
emission from the aluminum plate and absorption due 
to atmospheric water vapor. 

The quality of the molten-salt infrared spectra shown 
in Fig. 7.29, in terms of signal/noise ratio and band 
shapes. is equal to, or better than that of the spectra 
previously reported'-' for the same molten salts. The 
simplicity of the experimental setup and the speed at 
which these spectra were recorded indicate that infrared 
spectra of molten salts of current interest to the 
Molten-Salt Reactor Program can be obtained quite 
readily from measurements of the emission spectra 
using an FTS system. 

1. Director's Division. 
2. K. E. Hester and K. Krishman, J. Chern. Phys. 47, 1747 

3. J .  K. Wilmhurst and S. Senderoff, ibid. 35, 1078 (1961). 
4. A.  Randy e t  al., Rev. Sci. Instiurn. 35, 1206 (1964). 
5.  T. R. Kozlowski, Appl .  Opr. 7, 795 (1968). 
6. The FTS-14 was made available through the courtesy of 

(1967). 

Diglab, Inc. 

POLARIZED RAMAN SPECTRA OF &QUARTZ' 

J .  B. Bates' A. S. Quist' 

The polymorphs of BO, have been subjected to 
many thorough spectroscopic investigations. Much of 
the work on these materials reported prior to 1970 has 
been reviewed recently by Wong and Polarized 
Kaman spectra of q u a r t / .  were measured by Scott and 
 port^,^ and all k = 0 modes of the 0, (trigonal) lattice 
were assigned on the basis of the polarization measure- 
ments. At 573"C, a-quartz undergoes a phase transition 
to the 0-phase in which the lattice symmetry is reported 
to be D64 (P6*22), Using infrared and Raman fre- 
quencies taken from early studies of P-quartz, the 
authors of ref. 4 proposed an asqignment of the k = 0 
modes of p-quartz based on a correlation with the 
frequencies and symmetry types determined for the 
room-temperature structure. 

Our interest in the vibrational spectrum of P-quartz 
stems from recent studies of the dynamics of P-quartz 
models of vitreous S i 0 2  and BeF,.' To correlate the 
frequencies observed in SiOz with those of P-quartz, it 
was necessary to know the correct assignments for the 
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optical modes for the latter. Preliminary calculations 
indicated that several of the assignments proposed in 
ref. 4 are incorrect. 

A small cylinder of single-crystal quartz with the 
cylinder axis parallel to  the crystallographic z axis was 
placed in the high-temperature furnace described pre- 
viously.' The crystal was aligned such that the scatter- 
ing geometries described by z(,ij)y, i = x or 7 arid j = x 
or z ,  could be obtained, where is perpendicular to z 
and x, z and j7 indicate the directions of the incident 
and scattered light, respectively, and i and j denote the 
polarir,;ition of the incident and scattered light respec- 
tively. In going from the a- to the 0-phase, the z axis 
remains invariant while the x and y axes are re taiiied in 
the original xy plane. The optical modes of 0-quartz are 
described by 

r (DG)=a l  + 2 a z + 3 h l  + 2 b ,  + 4 e 1  + 4 e 2 .  

The a l ,  e , ,  and e2 modes axe Raman active, wliile the 
bl and b2 modes are both infrared and Raman inactive. 
The correlation diagram given in Table 7.4 shows the 
relationship between the synimetry species of the D3 
factor group of a-quartz and the D6 factor group of 
0-quaxtz. The table shows that the modes in a-quartz 
whch have e symntetry gve iise to modes in 0-quartz 
which have either e ,  or c2 symmetry. Table 7.4 also 
shows that the e l  modes of0-quartz are polarized 111 the 
y z  and xz platies, while the P~ modes are polarized in 
&e xy planes Thus, the e ,  and e2 modes can tie readily 
distinguished using the crystal orientation and scatter- 

ing geometry described above: e l  modes are active in 
z@z& and z(xz)y spectra, wliile the ez inodes are active 
in zCjsz)y and z(xx)jj spectra. Modes having a l  sym- 
metry in 0-quartz should appear only in the z(xx)y 
spectra. 

The polarized Ranian spectra of 0-quartz nieasured at 
about 610°C are shown in Figs. 7.30L7.32. The 
frequencies and assignments of' the observed futida- 
mental modes are collected in Table 7.5. The appear- 
ance of tlieoretically forbidden bands in certain of the 
polarized spectra in the table is the result of errors both 
.in alignment of the cryslal and in the initial cutting of 
the quartz cylinder. The 462-cin-' band, which should 
not appear in spectra due to changes in off-diagonal 
polarizability tensor elements, exhibits a residual barid 
of appreciable intensity in the z@x)y spectrum (Fig. 

Table 7.4. Cornlation diagram relating the symmetry species 
of the factor groups for or and p-quartz 

600 550 500 450 400 300 250 200 150 100 50 0 

FREQUENCY (cm ' )  

Fig. 7.30. z(-xx)jj Ranian scattering from pquartz at 610OC. 
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Fig. 7.31. z ( ~ z ) J ,  z(xz)p, and z(7x) j  b m a n  scattering from pquartz in the region below 600 ern-’ at 410°C. 

Table 7.5. Band? observed in polarized Raman spectra 
of p-quartz at 610°C 

1173 
1067 

788 
688 
462 
428 
409 
245 
99 

m 
m 111 

m m 
m 

vs W W m 
m m 

V W  m 
W 

S S 

Q~~ = very strong, s = strong, ni = medium, w = weak; blanks 
indicate no measurable intensity observed. 

7.31 and Table 7.5). In this case, a large contribution 
from z(xx)y scattering occurred due to alignment errors 
cited above. The appearance of this band in other 
spcctra can be similarly accounted for by noting that 
the u 1  mode at 462 cm-I will exhibit strong corr- 

ponents in yy and zz scattering as well as in xx 
scattering. 

Additional bands were observed in the Raman spectra 
of /3-quartz that are not cited in Table 7.5. The band at 
-1 65 cm-l in z(.xxF spectra does not appear to be due 
to first-order Raman scattering. T h s  region of the 
spectrum of quartz exhibits unusual features a few 
degrees below the phase transition. We studied this 
region as a function of temperature both above and 
below the phase transition. A discussion of the results 
of these measurements is beyond the scope of this 
report and will be presented elsewhere.’ 

1 .  Abstracted from a paper to be submitted for publication. 
2. Director’s Division. 
3. J. Wong and C. A.  Angell, Appl. Spectrosc. Rev. 4, 155 

4.  J. F. Scott and S. P. S. Porto,Phys. Rev. 161,903 (1967). 
5 .  J. B. Rates, “Dynamics of p-Quartz Structures of Vitreous 

Si02 and BeF2,” another contribution in this section, this 
report. 

(197 1). 

6. A.  S. Quist,Appl. Spectrosc. 25,82  (1971). 
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Fig. 7.32. z(pz)J and z(px)jj Raman scattering from @quartz in the region above 600 an-‘ at 61OOC. 

DYNAMICS OF &QUARTZ STKUCTURES 
OF VITREOUS SiO, ANI) BeF2 

John B. Bates’ 

One of the major difficulties encountered in intei - 
preting the wbratiorial spectra of glassy materials is the 
lack of structural iriodels from which selection rules can 
be derived and which provlde the framework for 
dynarnical calculations. Recent x-ray scattering experi- 
rnents by Narten3 have shown that the &quartz 
structure is the best model of all the known csysf alline 
polymorphs of S102 for interpreting the observed 
diffraction patterns of vitreous SiOL anti BeFz. I’re- 
vious calculations of the vibrational modes of glassy 
SiOz and BeFz were based on random network models 
and on the a-yuarlL structure. Apparently there have 
been no prevlous attempts to correlate the observed 
vlbrational spectra o l  SiO, ant1 BeFz with a model 
based on the structure of 0-quartz. 

The @-cluartL lattice has the space group symmetry 
given by D64 (P6222).4 The Si (or Be) atoms occupy 
D2 sites, and the 0 (‘or F) atoms occupy sites of C, 
9ymmetry The irreducible iepreserilatioii for the 24 
optically active (k = 0 )  modes of StOz and BcF, IS 

given by : 

This can be compared with I7(D3)OP for a-quartz, 
which is given by P ( D 3 ) O P  = 4 u ,  + 4 u2 + 8 P.  Thus the 
0-quartL A x l i o n  rules delexmined by l’(D6)oP predict 
only one totally symmetric mode, v l  (‘al j, compared 
with the four a ,  modes predicted by the a-quartz 
selection rules. 

The vibrational frequencies observed from infraied 
and Kainan spectral studies on &quartz and vitreous 
Si02 and BeFa :ire given in Table 7.6.5 - l o  The fre- 
quencies observed in a-quartz which can be correlated 
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'l'ahle 7.6. Observed frequencies (cm-' ) of crystalline 
a- and p-quartz and vitreous S i02  and ReF2 

p = polarized; dp = depolaiizcd 

SO2" BeF2d 

464 (a l )  

1080 (az)  

364 ( 0 2 )  

1085 (ai) 

356 (ai) 

778 (az) 
495 (a2)  

1162 ( e )  
795 ( e )  
394 ( e )  
128 ( e )  

1072 (e) 
697 ( e )  
150 (e )  
265 (e) 

462 (all 

((72) 
(02 1 

Inactive ( b l )  
Inactive ( b l )  

Inactive (b?)  
Inactive (b,) 

1067 (e l )  
788 (el) 
428 (e l )  

99 (el)  

688 (e21 
409 (e21 
245 ( e ? )  

1173 (ez) 

'Reference 5. 
bReference 6. 
"Reference 7. 
dReferences 3 and 4. 
eReference 10. 

432 p 280 p 

1065 dp 910 
800 dp 770 
400 dp 410 

60 dp I 05e 

1200 dp 805 dp 

379 

Table 7.7. Calculated frequencies for crystalline @quartz 
and vitreous Si02 and BeF, 

Calculated frequency 

p-Quartz Si02 ReF2 

Assignmenp Symmetry (cm-'j __. ....... ....... 
type --.-___-. SiOz ReF2 

a1  473 465 329 0 2 . 8 3  @ 

a2 1274 1317 770 R R 
333 351 417 82 8 2  

bl  1067 1066 689 R R 
306 330 209 @,,e3 )  (82,03)  

b? 728 713 966 R R,  @ 
443 401 315 ( 8 2 ,  8 3 )  @ , R  

'1 1063 1063 915 
770 779 751 
427 413 368 

96 62 90 

e2 1157 1184 821 
724 735 532 
389 398 300 
262 240 269 

'Determined from the potential encigy distribution; R, 8 1, 
0 2 ,  0 3 ,  and @ refer to the symmetrically equivalent sets of 
internal coordinates. 

with those of the 0 structure are also included in the 
table.5 The assignments (Table 7.7) proposed for SiO2 
were based on near frequency coincidence with the 
corresponding modes of 0-quartz; the assignments for 
HeF, were made by comparison of relative band 
intensities and assuming an ordering of frequencies 
similar to t h a t  for S i02 .  

The observation of only one strong polarized band in 
each of the Rarnan spectra of vitreous Si02 and BeF, is 
strong supporting evidence in favor of the 0-quartz 
model for these glasses. The polarization characteristics 
for the remaining bands listed in 'Table 7.5 are also 
consistcnt with a structure having D6 symmetry. 

The vibrational frequencies of Si0, and BeF, were 
calculated at k := 0 (assiuming ordered lattice structures) 
by the GF matrix method applied to crystal vibraiions. 
'Thirty-six internal coordinates were employed con- 
sisting of five symmetrically equivalent sets: 12 Si-0 
(Be-F) stretching coordinates. 18 0-Si-0 (F-He-F) 
bending coordinates ( 3  sets of 6 coordinates each), and 
6 Si-0-Si (Be-F-Re) bending coordinates. The fre- 
quencies for 0-quartz were also computed by refining 
the parameters of a modified valence force field 
(MVFF) to give the best fi t  to the frequencies observed 
from polarized Raman experiments at 610°C.6 

Table 7.8. Calculated force constants .md mean vibrational 
amplitudes for P-quartz and vitreoirs Si02 and BeF? 

-. _____...__ ..... ____... 

Coordinate or 
interaction 

Force constant (Inillidynes/A) 
-. . . _ _ _ _ . . ~ _ _ - -  
p-Qu ariL Si02 BeF2 

. _ _ ~ . _ _ . _ _ _ _  

4.905 4.765 2.260 
0.428 0.550 0.222 
0.304 0.324 0.132 
0.103 0.022 0.145 
0.791 0.7 13 0.578 

-0.592 -0.697 0.176 
0.330 0.236 0.254 

Mean amplitudes' ( A r . . 2 ) ' / 2  (A) 
~ ..... ...... 2.. 

Calculated 

p-Quar tz Si02 
~. X-ray diffraction: SiO, 

~~ 

Si-0 0.045 0.045 0.042 
0-0 0.089 0.088 0.092 
Si-Si 0.054 0.069 0.100 

BeF, BeF2 

Be-F 0.064 0.083 
F-F 0.073 0.103 
Be-Be 0.074 0.132 

__.___ ...___-__...___.I__---- 

aReference 3. 
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The results of the calculations are collected in Tables 
7.7 and 7.8. Good agreement between observed and 
calculated frequencies is achieved using a seven- 
parameter MVFF. The coniputed mean vibrational 
amplitudes for S O z  and BeFz also agree reasonably 
well with the mean amplitudes derived from x-ray 
scattering data.3 The assignments for each mode of 
SiO, and BeFz given in Table 7.7 are based on the 
potential energy distribution. The coordinate set listed 
first indicates the primary contributor: R denotes the 
Si-0 (Be-F) stretchmg coordinates, 0 ,  and ( 0 2 ,  0 , j  
denote the three types of 0-Si-0 (F-Be-F) bending 
coordinates, and denotes the Si-0-Si (Be-F-Be) 
bending coordinates. 

The results of the calculations given in Tables 7.7 and 
7.8, when correlated with the observed vibrational 
spectra of vitreous SiOz and BeF,, support the con- 
cl usion3 that the structures of these rnateiials are best 
described by the P-quartz lattice model. Conversely, this 
conchion ,  based on the x-ray scattering exper~rnents,~ 
provided a model from which Vibrational calculations 
could be made and from which optical selection rules 
could be derived. Additional details will be given 
elsewhere,’ 

-__I 

1. Abstracted from a paper submitted for publication in J. 

2. Director’s Division. 
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KAMAN AND lNFRARED SPECTRAL STUDIES 
OF ANHYDROUS Li, CO, AND NazCO, ’ 

M. 13. Brooker’ John R .  Bates3 

Recently, Dubbeldam and De W o l d  reported the 
(average) crystal structure of anhydrous Na, CO, and 
suggested 3 modulated structure that could be ex- 

plained by assuming an ordered arrangement of the 
C03*- ions over two rionequivalent orientations within 
the primitive cell. The effects of this unusual structure 
should be apparent in the vibrational spectrum of 
Na2C03. Inasmuch as Li2C03 belongs to the same 
crystal class5 as NazC03 but has only m e  carbonate 
orientation, it may serve to give a convenierit normal 
vibrational spectrum with which NazC03 may be 
compared. The Raman spectra of LizC03 arid Nn,C03 
have not previously been reported; however, Buijs and 
Schutte6 and Tarte7 have reported results from thin- 
film infrared transmission measurements on crystalline 
Li,CO.+ and NaZCO3. Buijs and Schutte‘ analyzed 
their data in terms of static field effects. but no 
evidence was reported that would indicate the uiiusual 
crystal structure of Na2CCD3. Hence, a Curther study o f  
the vibrational spectrum of these crystals appeared to 
be desirable. 

Infrared and Raniari spectra of polycrysialline 
L,i,C03 and Na,CO,$ have been tneasured at room and 
liquid-ni trogen temperatures. The observed frequencies 
are given in Tables 7.8 and 7.10. The spectra for 
Li,C03 arid Na2C03 are different in two significant 
ways: (1) For Li,C03, except for the u4 region tiear 
700 cm-’ , all of the internal modes of the C 0 3 ’ -  ion 
are single bands, whereas for Na, CO, , two bands are 
present in the regions of each fundamental (Tables 7.9 
and 7. 10; Figs. 7.33 atid 7.34). (2) Raman bands caiised 
by external lattice modes are sharp arid intense for 
LizC03 (Fig. 7.33) but broad arid diffuse for Na2C& 
(Fig. 7.34). Both 1 and 2 suggest substantially different 
crystal structures; (2) suggests that the Na2C03 lattice 
is not as well ordered as the Li,C03 lattice. Bands 
observed in the vibraiioiial spectra of Li, C 0 3  were 
assigned according to the c2h factor group symmetry. 
The doubler structure observed for each of the internal 
modes in the spectra of Na,C03 was interpreted in  
terms of an ordered arrangement of Co3’- ions over 
two notiequivalent orientations within the primitive 
cell, in agreement with the proposed crystal structure. 

Multiple internal reflection (MIR) and polarized 
specular reflectance (PSR) techniques were used to 
de termine the transverse optical (TO) and lorigitudirial 
optical (Loj mode frequencies for the v2 and v 3  
carbonate ion vibrations in Li2C03 and NazC03 (Table 
7.1 I). Coiitri butions from L,O inodes had been observed 
previously in the thin film transmission studies but were 
incorrectly assigi~ed.~ The general applicability of MIR 
techniques for determination o f  TO modes’ and PSR 
teclmiques for the determination of LO modes’ was 
reaffirmed. 
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Tahk 7.9. Vibrational frequencies (cm-' ) for X,i2CO3' 
..... ___ .... __... ....... __.__.__ ...... ..... __ ....... 

...... Assignment 
Infrared 

___.___ ....... Rarnan 

77°K MIR, 300°K I'ransmission, 7 7" K 
..___ __...__ 

300°K 

95 (1.25) 96 
126 (0.16) 129 
156 (0.50) 160 
192 (0.48) 196 

..___._.___I__..~ ___ .___ ....... 

-380 (sh) -360 (sh) 
410 ( m )  410 (m) 
440 (w,sh) 440 (w,sh) 
500 (s) 498 ( s )  

71 I (0.038) 
748 (0.051) 

n.o. (<0.0001) 

1091 (1.0) 

1459 (0.041) 

712 
74 8 

n.0. 

1092 

1460 

713 (w)  
740 (m) 

847 (w,sp) 
859 (m,sp) 

713 (w) 
740 (m) 

847 (w,sp) 1 3 ~ 0 ~ 2 -  

B, (TO) 

B, (TO + LO) 
% 

867 (m) 

1420 (br) 1430 (br) 

-1500 (br) 
1606' 

-1720 (vw) 2 U 2  

1805 (w) V I  + vq (713 + 1091) 
V I  + ~q (748 + 1091) 1837 (w) 

.. __ .... ___- .___ ..... ______..~ ............................................. ....... 

=Raman intensities relative to the v l  band taken as unity are given in parentheses. Abbreviations: w, weak; m, medium; s, strong; 

bTaken from polarized specular reflectance data. 
sh, shoulder; sp, sharp; br, broad; n.o., not observed; v, very. 

ORNL- DWG. 70-10673 
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Fig. 7.33. Portions of Raman spectraof I,i2C03. Samples were at 300OK except where noted. f denotes instrumental band 



Table 7.10. Vlbrational frequencies (cm-') for NazC03= - __ 
Infrared Ranian 

Assignment 
300°K 77°K MIK, 300°K Transmission, 77'K 

146 (0.06) 
172 (0.25) 
185 (0.40) 

220 (0.02) 

698 (0.025) 

702 (0.035) 

133 (wj 
156 
182 
195 
201 
228 

698 

702 

1079 (0.70) 
1083 (0.30) 

1079 
1084 

1422 (0.016) 1423 

1431 (0.019) 1432 

694 (in) 

701 (111) 

706 (vw) 

852 (w,sp) 
880 (s) 
886 (sh) 

n.o. 
n.o. 

1413 (sp) 

1425 (sp) 

694 (m) 

701 (in) 

706 (vw) 

852 (W,SP) 

880 (sj 
886 (Sll) 

n.o. 
n.o. 

1413 

1425 

1500 (s,sh) 
1543?' 

1760 (0.0009) 1760 
1771 (0.0011) 1771 

1775 (w) 1775 (wj V I  f v4 

aKarnan intensities relative lo the V I  band taken as unity are given in parentheses. Abbreviations: w, weak; m, medium; s ,  strong; 

%aken from polarized specular reflectance data. 
sh, shoulder; sp, s h q ;  br, broad; n.o., not observed; v, very. 

2.0cm-'Slit 
5 x 10' c/s 

1.0 cm-' Slit 4.0 cm-' SI i t 
1 x 1 0 3  c / s  5 x 1 0 2 C / S  

Fig. 7.34. Portions of Raman spectra uf Na2C03. Samplzs ware at 300°K except where noted. 
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Table 7.1 1, Longitudinal optical and t.ransversc optical mode 
frequencies (an-' ) determined by YSR method8 

L12CO3 Na2C03  

P S P S 
Awgnment ______ _ _ _ _ _ _  - 

846 (w) 846 (w) 852 (w) 852 (w) 13C032-  
860(5p) 880(m) 880(rn) TO 

867 (5p) LO 

1415 (w) 

To 1420 (br) 1420 (br) 1435 (br) 1430 (w) 
1606 (sp) -1600 (sp) 1543 (sp) 1540 (sp) LO 

and S reter to polxizat~on parallel and perpendicular, 
respectively, to the plane of mcidence 

DETEKMINA'ITON OF EONGLTUDINAL OPTICAL 

SPECULAR REFLECTANCE (IFPSR) INFRARED 
SPECTROSCOPY' 

Mom FREQUENCIES BY POLARIZED 

J .  B. Bates' M. €1. Rrooker3 

Longitudinal optical (LO) mode frequencies in crys- 
talline materials have been previously determined by 
five techniques: 

1 .  measurements of ut (TO mode frequency), eo, and 
E, ( E  = dielectric constant at low and high fre- 
quency), and use of the Lyddane-Sachs-I-eller re- 
lation, w[  :: GJ~(E, , /E , )*  / * ;  

2. varying wI (LO mode frequency) to obtain the best 
fit to restsirahlen reflectance data; 

3 .  determinaiion (by reflectance) of the frequency at  

4. inelastic neutron scattering experiments; 

5. polarized Raman spectra of single crystals. 

which the real part of E vanishes; 

Methods 1 to  4 are difficult to pcrforin and are often 
subject to  large errors or uncertainties in the fre- 
quencies obtained. LO modes can be accurately de- 
termined from Raman experiments, but this technique 
is limited to the modes that are both infrared and 
Raman active in acentric crystals, and the measure- 
ments should be made on sirigle crystals. Berreman's4 
demonstration that the LO mode in LiF can be 
observed from absorption or polarized reflectance 
measurements on thin films using oblique angles of 
incidence indicated that this additional technique might 
be generally applied to other crystals. Polarized infrared 
reflectance spectra measured at near normal incidence 
have been used in this laboratory to determine the 
polari~ation characteristics of strong infrared transitions 
in sirigle crystals of materials such as NaBF,' and 
KC103.6 It was shown in these studies that by limiting 
the inaximum deviation from normal incidence of the 
infrared beam to about 15", the observed frequencies 
agreed within experimental error ( k i  cm-') with those 
measured by transmission which were taken to be the 
transverse optical (TO) modes of the internal crystal 
vibrations. 

Our initial PSR measurements using angles of in- 
cidence varying between 40 and 75O were made on thin 
films of alkali metal carbonates' which had been 
evaporated onto stainless steel substrates. The PSK 
spectra qualitatively resembled the polarized absorption 
and reflectance spectra of LiF inasmuch as reflection 
maxima were obtained at frequencies which corre- 
sponded to the LO mode frequencies determined by 
other techniques. To verify our apparent observations 
of LO modes in PSR spectra of the carbonates, we 
subsequently investigated the spectra of polycrystalline 
surfaces of various metal oxides, nitrates, and chlorates. 
The utility of PSI3 spectra in determining LO mode 
frequencies will be illustrated by discussing the spectra 
of those materials for which the LO modes of certain 
crystal vibrations have been determined by different 
means in independent studies. 

Polarized specular reflectance (PSR) spectra and 
multiple internal reflectance (MIK) spectra were meas- 
ured on a Perkin-Elmer 621 infrared spectrophotometer 
equipped with an AgBr polarizer. The steel plate with 
the deposited smooth dried sample was mounted on the 
optical bench of a Wilks model 9 MIR attachment. 'The 
angle of incidence as measured from the normal to the 
surface could be varied between I S  and 75" by moving 
both the sample and the mirrors. Although bands due 
to LO modes could. be observed with incident angles as 
small as 30" from the normal, an incident angle of 75" 
was employed throughout these measurements to ob- 
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t:iiii a maximum intensity from the LO modes. Re- 
flectance spectra were nieasured with tbe polarizer set 
at 0 and 90" with respect to the plme of incidence. 
'Ihese two polarizations will be denoted by p and s 
respectively. Multiple internal reflectance spectra were 
obtained h r n  finely powdered samples pressed against 
the surface of a KKS-5 prism with a face angle of 60", 
placed in Ihz Wilks model 9 MIK attactinlent. Peak 
frequencies measured frorn the MIR and PSK spectr:i 
are accurate to +_2 cm-' . 

The s and p polarized reflectance spectra and the MIR 
spectra of ZnO, CaO, and MgO arid of NaNO, and 
NaC103 measured at 300°K are shown in Fig. 7.35 and 
7.36 respectively. The results from these measurements 
are collected in Table 7.12 along with the LO and TO 
mode frequencies for the specified transitions pre- 
viously re.ported. The LO mode frequencies for CaO 
and MgO reported by Wilkinson* were determined by 
noting the position at which the real part o f  the 
dielectric constarit vanished (Drude's method4 j as 
derived f rorn  reflection spectra; the frequencies and 
assignments for the optical modes of ZriO and NaC103 
were based on single-crystal Ranian data of Arguello e t  

coo 

7- T -1 

ORNL- D'WG 70--11586 

1600 I400 1200 

Fig. 7.35. MIR (M) and p and s polarized specular infrared 
reflectance spectra of 7 ~ 0 ,  CaO, and My0 poIycxystalline 
sirrfaces. 

I \  

\ 

-.. ...I ..... _1 ... -1 .... 1 ...... !.......I ...... I... ..I 

Fig. 7.36. MIR (M) and p and s polarized specular infrared 
reflectance spectra of NaN03 and NaCI03 polycrystalline 
surfaces. 

al.9 and Hartwig et dl.,'' respectively, and the LO and 
TO tnodes of the y 3  vibratioii in NaN03 were de- 
termined from analysis of single crystal reflection data 
of KeteIaar et aI.' ' 

The data collected in Table 7.12 show rernarkable 
agieement between the LO modes measuied in our PSR 
spectra and the LO modes observed by other tech- 
niques. I n  the case of CaO, hfgO, and NaW03, we 
believr that OUI measurements ale more accurate than 
those previously reported. For materials such as 
NaC103 or ZnO in which heveral LO and TO modes 
occu~ in close proxirnily, an unambiguous assignment 
o f  the observed bands cannot be made from PSK data 
alone. However. for crystals which have only one 
optical mode (GaO dtid MgO) or in which the optical 
modes occur in isolated spectral regions (NaN03), the 
results of our measurements show that fhe PSK 
teclmique provldes a simple method for defermining LO 
niocle l'requencies. We also measured the PSK spectra of 
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Table 7.12. 1,O and TO mods frequencies as measured by PSK 
and MIR conpared with the frequencies md assignments 

previously reported 

All measurements at 300°K 

Frequency (cm-') 

Material PS R Assignment 
MIK Other 

P S 

585* 

413 

385 380 

ZnO 

725 718 7171 

Mgo 402 396 403 

1458 1458 1450* 

NaN03 { 1355 1350 1353 

1025 

995 

988 

970 970 

962 

939 938 
NaC103 

936 

629 626 

623 

483 482 

4 86 

1030* 

988 

983 

965 

940 

936 

629 

623 

490 

489 

LO, quasi A El 

TO, A1 

TO, El 

LO 

1'0 

LO 

'r 0 

ments provides simple and convenient means for de- 
termining LO and TO mode frequencies in polycrys- 
talline materials. 
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*Polarized Raman. 
?Analysis of infrared reflection spectra. 
*TO mode of CaO below the low-frequency limit of MIR 

measurements. 

both evaporated thin f i l m  and pressed surfaces of LiF. 
Our results qualitatively agree with those of Rerreman,4 
although the peak position of the LO mode appears to 
shift to a maximum of 684 cm-' as the angle of 
incidence is increased from 45 to about 60". The 
frequency reported by Berreman was 669 crn-' for an 
incident angle of 34"4 

The MJK spectra measured for the materials listed in 
'I'able 7.12 gave no evidence of absorption due to the 
LO components. Weak absorption around 500 cm-' is 
mostly due to the KKS-5 prism (Figs. 7.35 and 9.36). It 
has been previously demonstrated' that the MIR 
technique i s  a superior method for measuring infrared 
TO mode frequencies. This contention is further sup- 
ported by the results of the present investigations and 
from recent studies of crystalline  carbonate^.^ It thus 
appears that a combination of PSK and MIR measure- 

o :c'c 1 c' I 

1000 900 800 700 600 500 

FREQUENCY (cm-'l 

Fig. 7.37. Polarized Raman spectra of M Q 0 3  at 298OK. 
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Fig. 7.38. Low-frequency polarized Rainan spectra of KC103 at 77°K. 

POLARIZED VIBRATIONAL SPECTRA 
OF POTASSIUM CHLORATE' 

J.  E. Bates2 

The Rariiari spectra of a single crystal of KCIO., were 
rneasured in the region above 30 ctn-' at 298 and 
77°K. Spectra measured at 298°K in the internal mode 
region are shown in Fig. 7.37. and spectra measured in 
the exteinal inode region at 77°K are shown in Fig. 
7 38. Polamed infrared spectra 111 the internal mode 
region were nieasured at 298°K by specular reflection 
using ail ail& of incidence of 15". The resulb of' these 
niemirements are shown in Fig. 7.39. 

Assignments for all the crystal vibrations that are 
derived from correlation field splitting of the (internal) 
ClO; modes were made from the results of h e  
polarj~ation measurements. These assignnients are giveti 
in Fig. 7.40. The KC103 crystal lattice has space group 
symmetry CLh2 (P2l/vn), with two equivalent 610; 

ions in the unit cell located on C, sites. 'fie v1 (Al) ,  v2 
(Al) ,  v3 (E) ,  and v4 (hJ fundamental modes of the 
C10,- ion which has C,, symmetry give rise to 4 A ,  + 2 
Rg f 2 A ,  + 4B,, internal C2iz optical (k = 0) modes in 
the crystal lattice. Estimates of the site state fre- 
quencies (Fig. 7.40) were made by taking the average 
value of the frequencies of each pair of factor group 
states which arise from ;1 cmntnon site state. 

The vl frequency of 3 7 C 1 1 6 0 3 -  ion was observed at 
935 cni-' at 298°K (Fig. 7.37). The v, modes of the 

'Cl' O2 ' '0-  and 7Cl' ' 02' species were found 
to be split with components at 922 and 920 a n - '  and 
at 914 and 912 mi-' respectively. The origin of  this 
splitting was ascribed to an  orientational effect in the 
crystal lattice. Siniilar effects have been observed for 
the HOD modes in hydrated crystals in which the water 
molecules occupy sites of C', symmetry.' 

The k = 0 lattice modes of KC10:4 derived from 
motions of the K t  arid C103- sublattices are described 
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by l'(C2Jl) = 5 A,  + 4 B, + 3 A ,  t 3 B,. From the 
low-temperature polarized Raman spectra (Fig. 7.38), 3 
A ,  t 4 Bg lattice modes were observed in the region 
below 200 cm-' . The bands at 109 and 87 cm-' and at 
144, 132, and 83 cm-' were assigned as librational-type 
modes having Ag and B syinmetry respectively. The 
bands at  160 and 57 cm-' havingAg and Bg symmetry, 
respectively, were assigned as due to translatory-type 
motion of the K *  sublattice moving against the C10; 
sublattice. 

1. Abstractcd from a paper to be published in .I. Chem. Phvs. 

2. Director's Division. 
3. J.  B. Bates and R. K. Khanna, Inorg. Chem. 9, 1376 

(1971). 
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FiR 7.39. Polarized infrared re t lect iy  spectra of KClQj at 
298 K using an angle of incidence of 15 . 

ORNL-DWG. 71 - 3459 

M ole c u I a r S i t e  Factor Group 
Mode (C3J Sta te  ( C , )  S t a t e  (CZh) 

Pig. 7.40. Site and correlation field split6ing of the hterni 
C103-- modes in KC103. Frequencies in cm-'. Site state 
frequencies estimated by averaging the pair of c.f. components 
originating from a common site state. 

rm CRYSTAL STRUCTURE 
Ca(N03)2, Ra(NQ3)*, AND 

INFRARED AND RAMAN STUDY 
Pb(NO3)z AN 

M. 11. Brooker' John B.  Bates' 

The nitrates of strontium, c a l c i ~ r n , ~  barium, and lead 
have long been considered to crystallize as isomorphous 
cubic crystals with cubic symmetry and space group 
7 i 6  .4 , 5  Recently, Bimstock6 concluded from a neu- 
tron diffraction study that the space group for 
Ba(N03)2 was T', which means that the crystal would 
not have a center of symmetry. Birnstock also con- 
cluded that the nitrate group was no longer planar but 
pyramidal with the nitrogen being 0.1 above the 
oxygen plane. Previous infrayed and Raman measure- 
ments on these salts agree with a factor group analysis 
based on the Th6 ~ t r u c t u r e , ~ ' ~  although attempts have 
been made to force the infrared and Raman data to fit 
the structure.' 

The presence of a center of symmetry is not easily 
determined by infrared and Raman spectroscopy, but 
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Table 7.1 3. Vibrational frequencies (ern-') for Bam03)~ 
~- 

Infrared' 
- &manb Assignments b a s d  on 

PSRF ~ 77°K 3 0 0 0 ~  ";z factor group Transmission 

77°K 3 0 0 0 ~  300°K 

33d 

49d 

38d 

81d 

97d 

1 39d 

157d 

729.0 

730.3 731e 

80 

103 

133 

137 

147 

149 

730 

732.0 

734.0 

818 817e 

817 

818 

821 

1047e (vw) 

-1048 

1048.5 

1345 1345' 

1415 1415" 

1462 1462e 

1385, 

1437 

1358 

1391 

1410 

1463 

1462 

1634 

1639 

80 

127 

133 

141 

730.5 

732.0 

820 

1047.5 

1048.5 

1357 

1388 

1405 

1634 

1638 
_- 

Olnfrared meowrements performed with powdered samples. 
bKaman measurements pertornied with oriented single crystals. 
CPoldrized Fpecular reflectmn data, angle of incidence ca. 75" from the normal 

to the surface. 
dJhta from 1). Bloor, Speclrochinz. Acre 21, 333 (1965). 
'Combined transmission and MIR data. Frequency agreement between the 

two measurements was + 1 cm-l or better. vw = very weak. 
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two criteria can be used: (1)  noncoinciderice of infrared 
and Raman bands, that is, the rule of mutual exclusion. 
and (2) failurc to observe longitudinal optical (LO) 
modes in the Raman spectrum, although this rnethod is 
less certain since the LO modes rimy be too weak to be 
observed in some cases. LO modes occur due to  the 
interaction of the electromagnetic field of the incident 
radiation with thc field associated with the polar 
vibrational modes of the ciystal. The intensity of LO 
modes and the separation of the LO mode with its 
associated TO (transverse optical) mode are related to  
the magnitude of the dipole moment change. For 
centrosymmetric crystals, there is no dipole moment 
associated with Raman bands, so that TO and LO 
modes are coincident (the LO mode will still be 
obseivetl in the infrared spectrum). 

have recently reported the infrared 
and Rarnan spectra of single-crystal NaC103 which has 
the space group and a structure very similar to that 
proposed for Ba(N03), by Birnstock. These authors 
readily observed the LO mode associated with the 
strong v3 vibration of CIO,. ion at  1030 ern-' in both 
the infrared and Raman spectra. The band is quite 
intense in the Kaman spectrum. We have recorded the 
Raman spectrum of polycrystalline NaCIO, and find 
this mode to be as intense as the TO modes with which 
it is associated. It is logical to aswme that if the above 
nitrate crystals have the acentric structure proposed by 
Birnstock, then the LO mode should appear in the v3 
region of NO3- in the Raman spectrum and should 
correspond to the infrared LO mode frequency. 

Infrared spectra have been recorded for each of the 
anhydrous polycrystalline nitrates at 300 and 77°K. 
Multiple internal reflection (h41R) and polarized spec- 
ular reflection (I’SR) measurements have been em- 
ployed to nieasurc accurately the TO and LO mode 
frequencies in the infrared.’ Raman spectra have been 
recorded for polycrystalline samples for each  salt^ and 
for oriented single crystals of Ba(N03)2,  and 
Pb(NO3)* at 300 and 7’7°K. 

Once the LO mode frequencies had been determined 
from PSR infrared measurements, the same region of 
the Raman spectrum was scanned with very high 
sensitivity. No evidence of the LO modes in the Raman 
spectra could bc detected. In addition, many of the 
infrared and Raman bands were found to be non- 
coincitlznt. Both these facts are in accord with a 
centrosymmetric structure for these salts. Depolar- 
ization measurements on the oriented single crystals 
wcre in excellent agreement with a factor group analysis 
based on the space group. Infrared and Raman 
frequency data for Ba(N03)2 are collected in Table 

Hartwig et ai.’ 

7.13; the data for strontium and lead nitrates will be 
presented elsewhere. 
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RAMAN AND LNFRARED SPECTRA OF 
YDROUS Zn(NQ3)2, Cd(N03$2, AND 

Ca(N03)2 : A STUDY OF THE PHASE 
CHANGES IN Ca(N03)2 

M .  H. Brooker’ 

The nitrate ion has been successfully employed as a 
“probe” in vibrational spectroscopic studies of solids. 
molten salts, and aqueous solutions.2 In this technique. 
the spectrum generated by the nitrate ion in an 
unknown environment is interpreted by comparisons 
with spectra of the ion in known environments. 
Therefore, it i s  cdesirable to obtain Ranian and infrared 
spectra for the nitrate ion in as wide a range of 
environments as possible. In this study infrared and 
Raman spectra have been obtained for anhydrous 
polycrystalline Ca(N03), ,  Cd(N03), , arid Z ~ I ( N O , ) ~ .  
The vibrational spectrum of Ca(N03j2 at room temper- 
ature is well known and is in accord with the reported 
crystal s i r ~ z t u r e . ~  Compai-isori of the vibrational 
spectra of Ca(N03)* at 300°K with those of Ca(N@3)2 
at 200 and 77”K, and of C I I ( N O ~ ) ~  and Zn(NO3), a t  
300 and 77*K yields information ahout the struciural 
differences between these salts. 
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Until recently the measurement of Raman spectra of 
solids was a difficult and unrewarding process, but 
development of laser Raman spectroscopy has sim- 
plified the situation so that in many cases it is now 
easier to obtain Raman than infrared spectra. Laser 
Raman techniques are espccially valuable for difficult 
anhydrous materials since the samples may be readily 
sealed in vacuo in quartz or Pyrex tubes with a 
mininiurn of sample handling. Laser Raman spectra 
have been recorded for anhydrous Ca(NO3)2 at 77, 
200, and 300°K (Fig. 7.41) and for C C ~ ( N O ~ ) ~  and 
Zn(N03)2 at 77 and 300°K (Figs. 7.42-7.44). Samples 
were se:iled in vacuo in thn-walled capillary tubes.4 
Sample excit:ilion was aclueved with the 4880-A line of 
a Coherent Radiation 52B gas laser, and spectra were 
recorded on the Jarrell-Ash model 25-300 Raman 
spectrometer. Infrared spectra also have been recorded 
for the three anhydrous salts, with results similar to 
those previously r e p ~ r t e d . ~  Generally, the Raman 
spectra were easier to obtairi and gave greater clefinition 

than the infrared spectra. This is most obvious in the 
region of the symmetric stretching vibration, ca. 1050 
cm-', where the bands are very intense in tlie Raman 
spectra but weak or absent in the infrared. 

Very little structural evidence is available for any of 
these salts. X-ray diffraction studies by Weigel et al.6 
indlcate the space group Th6 for Cd(N03)2. The 
room-temperature form of Ca(NO,), is also considered 
to have the rh6 space group, and this premise is 
supported by infrared and Raman studies of the 
i sos t ruc tu ra l  s a l t s  Sr(N03)2,  Ba(N03)2, and 
Pb(NO,), ,3  In view of the many differences between 
the Rarnan spectrum of Ca(N03)* at rooni temperature 
(Fig. 7.41) and the Raman spectra of C ~ I ( N O ~ ) ~  below 
room temperature (Fig. 7.411, and Cd(N03j2 and 
Zn(N03), (Figs. 7.42 7.44), it  would appear that the 
salts have different structures in each case. Vibrational 
frequencies of Ca(N03)2 at room temperature are in 
excellent agreement with a factor group analysis based 
on the Th6 space g r o i ~ p . ~  Below room tempeiature, 

ORNL-DWG. 71-6068 

0 0 ° K  

Fig. 7.41. Photograph of portions of the Raman spectra of anhydrous Ca(N03jz at 77,  200, and 300°K. Iristrument conditions: 
0-200 cm-': 2.O-cni-' slit, 1 X I O 4  counts/sec, 2-sec time constant. 7 0 O - ~ m - ~  region: l.O-cni-' slit, 2 X lo3 connts/sec, 2 - s ~  t h e  
constant. I O S O - ~ ~ - '  region: 1.0-cm-l slit, 1 x io4 countslsec, 0.5-sec time constant. 1400-cm-' region: 2.0-cm-' slit, 2 x l o3  
countslsec, 2-sec time constant. 



2 34 

AI Cd (NO, 80°K 

- t  c rTl 

Fig, 7.42. Pl~omgnph of p t i o n s  of the Warnan spectrum of anhydrous Cd(N03)2 at 77°K. Inqtrument conditions: 700-cm-' 
region: l . O - ~ r n - ~  dit, 2 X 10 counts/sec, 2-sec time constant. 1000-cm-' region: 1.0-cm-' slit, 1 X lo4 counts/sec, 0.5-sec time 
constant. 1400-cm~~'  region: 2.0-cm-' slit, 5 X lo3 counts/sec, 2-sec time constant. 

pig. 7.43. Ph~tOgpaph of portions of the Raman spccdrum of anhydlrous Zn(N03)2 at 77OK. Instrument conditions as in Fig. 
7.42. 

new bands appear which indicate that Ca(N03), 
undergoes two phase changes between '77 and 300°K. 
Shomate and Kelley' detected humps in heat capacity 
data at 88.5 and 287.8"K which presumably are the 
transition temperatures of the phase changes. 
Cd(N03)2  and Zn(N03)2 do not appear to undergo 
phase changes between 300 and 77°K. 

In the rooni-temperature form of Ca(N03)2, the 
calcium atom is surrounded by I 2  equivalent oxygens 
from 6 equivalent nitrate groups. The new band which 
i s  present at 1066.1 cm-' at 200°K is characteristic of 
a nitrate ion in a new site closer to the calcium atom. 
On the basis of relative intensities, it would appear that 
two nitrate ions arc now closer to the calcium atorris 
than the other four. A distorted octahedron with the 
tWQ axial groups having metal-oxygen distances less 
than the four equatorial groups is suggested. However. 
the similarity of the Raniail and infrared spectra at 200 

and 300"K, except in the lOSO-cm-' region, indicates 
that the phase change at 2873°K is very subtle. and the 
actual differences between the nitrate groups in this 
phase are expected to be small. The phase change a t  
88.5"K is much more pronounced: Two distinct sets of 
bands (1071.0, 1068.7 cm-' and 1066.3. 1064.6 
cm-') are apparent in the symmetric stretching region 
with approximate intensity ratios of 2: 1 .  Arrangement 
of the nitrate groups into two nonequivalent sets is now 
complete. The coupling of the vibrational modes of the 
nitrate ions is greatly altered, as indicated by the 
increase in the niurnber of bands in the region of each 
nitrate fundamental. 

The similarity of the Rainan spectrum of Ca(N03)* 
at 77°K to the Cd(N03)2 spectra suggests like struc- 
tures. Even for Zn(N03)2,  the separation of the 
symmetric stretching region into two distinct sites 
indicates that the nitrate groups are arranged into two 
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Fig. 7.44. Photograph of the low-freqriency portion of the 
Raman specba of Cd(N0J)z and Zn(N03)* at 77OK. Instru- 
ment conditions: Cd(N03)2:  ~ . O - C R I - ~  slit, 5 X lo3 counts/sec, 
2-sec time constatit. Zn(NO3f,: 2.0-cm-' slit, I X IO4 
counts/sec, 0.5-sec time constant. 

groups: four equatorial and two axial. The relative 
simplicity of tlie Zn(N03)-2 spectrum, however, in- 
dicates that the nitraie groups are coupled in a inore 
symmetric manner in this compound than in Cd(,N03)2 
and Ca(N03)2 at 77°K. 

Finally, it is worth noting the presence of weak bends 
in the lattice region at frequencies somewhat higher 
than is usual for lattice modes: Ca(N03)2 at 77"K, 229 
cm-'; Cd(N03)* at 77"K, 242 and 266 crn-'; 
Zn(NO,j, at 77"K, 322 cn1-l. These bands are 
probably associated with vibrational modes of weak 
metal-oxygen vibr a t' ions. 

I .  Visiting scientist, National Kese:irch Courrcil of Canada 
Postdoctoral Fellow, I969--71. 

2. D. E. [rish, chap. 9 in vol. 2 of Ionic Interricliows: From 
Dilute Solrthn to Molten Salts, ed. by S .  Petrucci. Academic, 
New York, 197 1 .  

3. h4. H. Xrooker, D. E. Irish, and G. E. Boyd, J. Chem. Ph.ys. 
53, 1083 (197c)), and references therein; Chem. Div. rlwrzu. 
Progr. Rep. Muy 20, 1970, ORNL-4581, p. 156. 

4. Anhydrous Cd(NO3)2 and il.n(NO3)? were prepared by D. 
E. LaValle, Analytical Chemistry Division. 

5. C. C. Addison and B. M. Gatehouse, .I. C'hem Soc. London 
1960,613. 

6. D. Weipel, B. Imelik, and $1. Prettre, Hull. Soc. Chim fir. 
2600 (1964). 
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MICROWAVE AND RADIO-FREQUENCY 
SPECTROSCOPY 

PARAMAGNETIC RESONANCE STUDIES 
OF LIQUDS DURING PHOTOLYSIS 

Ralph Livingston Henry ZeIdes 
Jurgen K. Dohrmann' 

Paramagnetic resonance spectra of a vai iety of short- 
lived radicals formed by photolysis of solutions o f  
alloxan and of parabaiiic acid have been studied. 
Photoieduction of alloxan in aqueous solutions contain- 
ing small amounts of isopropyl alcol~ol and acetone and 
at pH values greater than 2 gives a spectiurn o f  7 lines 
ascribed to the anion 1 .  At veiy low values of pH, this 
radical is protonated to  give the neutral radical 2, and 

2 - 
the 7-line spectrum becomes a 15-line spectrum. At 
intermediate pH's a rapid-exchange average of the two 
spectra is observed as a consequence o f  fast equilibra- 
tion. The pK of  the protonated species is 0.5. Aqueous 
solutions of parabanic acid containing isopropyl alcohol 
behave sinlilarly. Above a pI3 o f 3  a 15-line spectrum is 
obtained from anion 3. I t  protonates at very low pN's 
to give a different 15-line spectrum Croin neutral radical 
4. The pk' is 1.7. At inieriiiediate pfl values. a single 

4 .-,- 3 - 
spectrum appears which is the result of rapid exchange 
between the two radicals. Photolysis of solutions of 
alloxanic acid formed by rearrangement of  alloxari gives 
the same radicals that are formed from parabanic acid. 
If parabanic acid is photolyzed in isopropyl alcohol 
solution, radicals 3 arid 4 are produced, but. tlie 
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exchange rate becomes very slow, and a mixture of the 
two spectra is present. The effect on the cxchailge rate 
of adding wafer and acid has been studied. Similar 
radicals have also been formed from N-me thylparahanic 
acid. More details of this work will appear elsewhere.? 

Paramagnetic resonance spectra of short-lived free 
radicals made from uracil? orotic acid (uracil-6- 
carboxylic acid) iso-or otic acid (iira cil- 5-carb oxylic 
acid), and thymine have been studied upon photolysis 
of solutions near room temperature. When these pyrimi- 
dines are photolyzed in hydrogen-donating solvents 
(isopropyl alcohol, ethyl alcohol, and p-dioxane), they 
abstract a hydrogen from the solvent, and two different 
radicals are observed due to the addition of hydrogen to 
the pyrimidine and to the loss of hydrogen from the 
solvent molecule. Addition appears to be at  the 5 
position for uracil and unequivocally at  the 5 position 
for orotic acid. In iso-orotic acid the hydrogen addition 
is to  the oxygen at the 4 position. When these 
pyrimidines are photolyzed in aqueous solutions con- 
taining hydrogen peroxide, -011 is formed which then 
produces radicals from the pyrimidines by addition. In 
the case of aqueous uracil over the p1-I range of 1 to 7, 
the predominant process is addition of .OH at the 5 
position, but there is also a small yield of the radical 
from addition at the 6 position. At high p B ( 8  to  10) an 
anion radical is formed. Similarly, .OH adds at the 5 
position in orotic acid, and an anion radical is present at 
high values of pH. In iso-orotic acid the two radicals 
formed by addition at the 5 position and at the 6 
position are observed. The spectra and chemical be- 
havior of many of the radicals depend upon pH, and 
dynamic exchange phenomena are present. Hyperfine 
couplings and g values have been measured. Further 
details will appear e l~ewhere .~  

The light source for the photolytic work has now 
been provided with a rotating sector that chops the 
light so that direct physical measuremerit of radical 
lifetimes can he made. This equipment has been applied 
to the study of spectra from tartaric acid in aqueous 
solution. As explained earlier: ,’ upon photolysis of 
aqueous tartaric acid a carboxyl group is split off, 
leaving IIOOCCH(OH)CH(OI-I), radical A. This radical 
converts to an aldehyde form, I-IOOCeI-ICIlO, by an 
acid-catalyzed reaction. At high acidity, where the 
conversion is rapid, the mean life of radical A is of the 
order of a microsecond, and its- spectrum appears 
entirely in emission. At low acidity, where the mean life 
becomes long, the Zeeman states achieve thermal 
equilibrium, and the spectrum is, as nornially expected, 
an absorption spectrum. Initially it was felt that the 
rotating sector would be far too slow for a valid study 

of radical A .  For example, when this radical is present 
at low acidity, where the spectrum is in absorption at 
steady state, we would expect that when the light is 
first switched on by the sector a line of the spectrum 
would initially appear in emission but within several 
microseconds would reverse and grow as an absorption 
line, quickly reaching steady state. Unexpectedly, we 
found upon switching the light on that the signal grew 
as an emission line, taking an appreciable fraction of a 
millisecond to achieve a maximum in emission. Over the 
next few milliseconds the signal reversed sign and grew 
to steady state as an absorption signal. More unex- 
pectedly, upon switching the light off, the signal did 
not simply decay, but the intensity of absorption 
increased to a new peak in an appreciable fraction of a 
millisecond before decaying. These findings suggest that 
there is a precursor for radical A with a lifetime of an 
appreciable fraction of a millisecond. Moreover, the 
precursor produces radical A in an emitting state. The 
likely precursor is a triplet state of tartaric acid. The 
studies have also shown that there is an induction 
period for the formation of the aldehyde radical. There 
is a similar induction period for the decay when the 
light is switched off. This delay is consistent with there 
being a relatively long-lived pi-ecursor for radical A. 

Computer programs are being developed which will be 
useful in analyzing complex electron paramagnetic 
resonance spectra encountered in the study of liquids. 
The programs calculate energies to  second-order pertur- 
bation theory for any number of groups of equivalent 
nuclei in a radical. Any number of nuclei with any spin 
may be in each group. As an option the second-order 
structure produced by any group may be treated as 
single lines, each located at the center of gravity of the 
corresponding second-order structure. One program 
receives trial parameters for a radical and outputs 
ordered resonance fields and the corresponding line 
strengths, second-order corrections, and the total spin 
and total magnetic quantum number of each group of 
equivalent nuclei. This program optionally receives 
experimental data consisting of line positions in the 
spectrum and their resonance fields and frequencies. It 
then calculates the best parameters describing the data 
for a prescribed (as described by input) number of 
groups of equivalent nuclei with prescribed numbers of 
nuclei and nuclear spins. A least-squares criterion is 
used. An error analysis is also given. A second program 
gives plots which simulate experimental spectra. Any 
number of radicals, each with any Lorentzian width, 
may be in the spectrum. Any number of spectra may be 
drawn one above the other with a common field axis 
for easc of comparison. Experimental data and stick 
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spectra (made up of vertical lines) may also be plotted. 
This program also gives a printout describing the 
spectra. The programs are now being tested and refined. 
They have been very helpful in analyzing complex 
spectra under study in solutions containing pyridine 
during pho toylsis. 

1. Visiting scientist from Inatitut fur Yhysikalische Chemic 
der Freien Universit8t Berlin. 
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Alloxan, Parabanic Acid, and Related Compounds.” accepted 
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Society. 

3. .I. K. Dohrniann and K. Livingston. “Paramagnetic Reso- 
nance Study of Liquids during Photolysis. XIII. Uracil and 
Derivatives,” accepted for publication in the Journal of the 
.4riierican Chemical Society. 

4. R.  Livingston, H. Zeldes, and J .  K. Dohrmann, Chem. Div. 
Annu. Progr. Rep. Muy 20, 1970. ORNL-4581, p. 176. 

5 .  K. Livingston anti H. Leldes, J.  Chem. Phys. 53, 1406 
f 1Y7O). 

PARAMAGNETIC RESONANCE STUDIES OF 
GAMMA-IRRADIATED INORGANIC SINGLE 

CRYSTALS AT LOW TEMPERATURE 

R. W. Holmberg 

An electron paramagnetic resonance (EPR) study of 
the radicals formed when single crystals of KHC03 are 
gamma irradiated at 77OK has been completed. Hyper- 
fine and g tensors for  tlie various line groups have been 
evaluated, and the tentative identifications of the 
radicals reported earlier’ have been placed on a firmer 

Most of the radiation damage as seen by EPR can 
be accounted for by an electron-excess radical d 3 3 -  

and an electron-deficient radical (HCOj)2 - - which are 
formed and stably trapped in the crystal in roughly 
equal amounts. When the crystal is warmed to 130”K, 
both radicals undergo simultaneous and irreversible 
decay, suggesting that they disappear by a mechanisin 
involving the transfer of an electron from to 
(I-KO, jZ .-. I t  would seem, however, that only part of 
the decay is attributable to such a mechanism, for after 
a few hours a t  130”K, although all of the ( I K 0 3 ) 2 .  
disappears, substantial amounts of eo3 3- remain. 

Lesser amounts of a species which has been iden- 
tified as the neutral bicarbonate radical H C 0 3  - were 
also found at 77°K. This radical was previously’ ,2 
believed to be eo3-. I ts  identification as l[-IC03. is 
based primarily on the observation of a small proton 
hyperfine splitting in its EPR spectrum that was not 
noted earlier, and is consistent with the large deviation 
from axial symnietry of its g tensor and with measured 

7O hyperfine splittir~gs.~ The radical is trapped in two 
physically different, non-symmetry-related sites in the 
crystal. On warming to  c;i. 1SO”K> EPR lines charac- 
teristic of one site disappear, while those of the other 
increase in strength. Apparently the HCO, - reorients at 
this temperature to the more stable form. Details of this 
work will appear elsewhere.‘ 

EPK studies have shown that $lo3 2- arid NO3. are 
major products in the low-temperature radiolysis of 
sodium and potassium nitrates, but only NO3’- has 
been observed in strontium and barium nitrates (see, 
e.g., ref. 5). An investigation of these latter salts has 
been undertaken in an attempt to  stably trap NO,. at 
lower temperatures. When these salts were irradiated at 

ca. 64°K and ESR observations made a t  this tempera- 
ture, spectra characteristic of NO,. were seen. The 
hyperfine and g tensors for this radical have been 
determined in Ra(N03)’. Both tensors were found to 
be axially symmetric with gI1 = ‘2.0075,g,- = 2.0242, All 
= 4.3 G ,  and A, = 3.4 G arid t o  have a commi~n 
principal direction parallel to the cryslallographic ( I  1 1) 
direction. This direction is perpendicular to NO3 -. 
planes in the crystal and indicates that NO3 + is trapped 
in the nitrate position. When the crystals were warnied 
to 77”K, the NO3 a lines disappeared. This behavior is 
remarkably similar to  that observed with the alkali 
nitrates, in which NO3 I w x  found to be only tran- 
siently stable at 77°K. 

1. K. W. Wolrnl~rrg, Ckem. Div. Annu. Progr. Rep. Muy 20, 

2. G .  W. Chantry e t  al.,MoZ. Phys. 5, 589 (1962). 
3 .  S. Peller, Z. Luz. and B. L. Silver, Is,. J. C k m .  Proc., 7, 

48p (19h9). 
4. K. W. Hotniberg, “An ESR Study of Gamma-lrradjated 

Potassium Bicarbonate a t  77°K.” accepted for publication in 
the Joiirnal of CYr emicul Hi ysics. 

5 .  Yu. A. Zakharov and V. A. Nevostruev, Russ. Chem. Rev. 
37,61 (1968). 

1970, ORNL-4581, p. 176. 

ELECT RON SPECTROSCOPY 

The use of election spectroscopy foi studying chemi- 
cal problems has been exploited in a number of 
different areas over the past year by employing a 
double-focusing electrostatic instrument located in the 
Physics Division’ and another in the Tranruranium 
Research L:iboratory modified to study radioactive 
materials, especially the transuranium elements.’ ’With 
the forme1 instrument, the photoelectron spectra using 
an He I (546-A) souice have been detertnmed for GeFJ,  

and for ClF, C l F 3 ,  ClF,, SOCI,, ;tnd Cr<)C12 e the 

C(CH3 J4, Si(CH3 )4. Ce(CH3 JJ,  Si(C€13 )., Pb(CH3)4, 3 
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angular distribution of photoelectrons as a method for 
determining the nature of molecular orbitals has been 
extended to  CO, 02,  NO, C 0 2 ,  CSz,  H 2 0 ,  H2S,  CH4; 
and b e n ~ e n e ; ~  and finally, we have pursued the 
application of photoelectron spectroscopy to  biological 
systems‘ and systems of environmental i n t e r e ~ t . ~  At 
TRT, we have obtained preliminary results on binding 
energies of the N ,  0, P, and Q electrons of americium 
first results in the program of determining binding 
energies of electrons in elemenis beyond plutonium.* 

1. [.or description of the equipment, see B. P. Pullen, T. A .  
Carlson, W. E. Moddeman, G .  K. Schweitzer, W. E. Bull, and 
F .  A. Grimm,J. Chem. PI7ys. 53, 768 (1970). 

2. M. 0. Krause and E’. Wuilleumier, “Electron Spectrometry 
of Actinides and Actinide Compound\,” a Contribution in chap. 
2, this report. 

3. A .  E. Jonaq, ‘I-. A.  Carlson, E’. A.  Grimm. and G. K. 
Schweitxr, to be published. 
4. C. P. Anderson, J .  C. Carver, T. A .  Carlson, F. A. Grimm, 

W. E. Moddeman, W. E. Bull, and G.  Mamantov, to be 
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Carlson. G. E. McGuire. A.  E. Jonas, C. P. Anderson, and K.  L. 
Cheng, to be published. 
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7. L.  D. Hulett, T.  A .  Carlson. B. R .  Fish, and J. L. Durham, 
Proc. Synip. on Air Quality, 1.0s Angeler, April 1971. Plenum, 
Washington, D.C., in press. 

STUDY OF CHEMICAL BONDING IN TRANSITION 
METAL COMPOUNDS BY USE OF 

PHOTOELECTRON SPECTRQSCOPY 

J.  C. Carver’ 
T. A. Carlson 

L. C. Cain’ 
G. K .  Schweitzer3 

A new method for studying the nature of the d 
orbital in the bonding of transition metal cornpounds 
has been recently pointed out by Fadley and Shirley4 
using photoelectron spectroscopy. This method utilizes 
the multiplet splitting that occurs between coupling of 
partially filled d orbitals with an inner-shell orbital out 
of which an electron has been ejected by a soft x ray. 
Using A1 Ka and Mg Ka x rays, a systematic study of 
about 40 different transition metal compounds was 
undertaken. Data were collected on both simple salts 
(halides, oxides, and sulfides) and hexacoordinated 
complexes (cyano- and fluoro-) of Cr3+, Mn” and Mn3’, 
Fez’ and Fe3+, and Co3+. Selected second- and third- 
row transition-metal compounds were also investigated. 
The observed multiplet splittings are listed in Table 
7.14. 

From the photoelectron spectrum, the binding ener- 
gies of the orbitals in an atom or a molecule are 
obtained. If the molecule is paramagnetic, then several 
final states can occur upon ejecting a core electron, 
causing a splitting in the observed spectrum4 Several 
final states occur as the result of RussellSaunders 
coupling of the inner-shell vacancy formed by photo- 
ejection with unpaired valence e l e c t r o n ~ . ~  For the 
transition metal compounds, the uncoupled electrons 
are in the d level. We were particularly interested in an 
inner-shell vacancy created in the penultimate s shell 
since (1) the electronic coupling yields only two final 
states’ and (2) the interaction becween levels is greatest 
when the principal quantum number is the same. For 
example, iron(1ii) fluoride (FeF3) has five unpaired 3d 
electrons. If a hole is made in the 3s shell, then two 
final states can occur corresponding to a 7S state and to 
a 5S state. 

Our experimental results wcre correlated with spin- 
unrestrictzd I-Iartree-Fock (SUHF) free-ion calculations. 

Table 7.14. Multiplet splitting observed from the 
photoelectron spectra of the penultimate 3s 

shell in transition metal compounds 

Compound Ae (ev) 

4.2 
3.9 
3.1 
4.1 
3.2 

<0.3 
(0.3 

6.3 
6.0 
4.5 
5.5 
5.3 
5.4 
5.5 
5.6 
6.0 
5.6 
4.2  
6.3 

<0.3 
6.5 
5.3 
3.0 
7.3 
6.7 
7.0 
5.3 

<0.3 
5 .O 

<0.3 
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For a hole in the s level, the two final states are 
separated in energy by the exchange integral between 
the 3s and 3d orbitals (C')), 

G2(3s, 3dj = C2(0,0,2,0) 

4 x ~ ~ ~ ( k )  -- dr,  drz , (1) 
r > 

where R3s and R,, are the radial wave functions for 
the respective 3s and 3d orbitals and C2(0,0,2,0)is the 
Clebsch-Cordan coefficient. The calculations for free 
ions always predict a n  energy separation larger than 
that found in molecular systems. This difference can be 
explained in two ways: (1) the d orbital of the metal 
ion which i s  involved in cliemical bonding can be 
delocalized, giving rise to a decrease in the overlap 
between the s and d orbitals, and ( 2 )  strong ligand field 
effects can cause the uncoupled electron to couple (see 
Fig. 7.4S).6 Pairing occurs when Dq > nP (Fig. 7.45), 
where P = energy necessary for electrons to  pair and PZ = 
number of electrons which pair. 

F ree-ion calculations indicate correct trends on com- 
parisons , of one transition metal with another. The 
calculations predict the splitting for MnF, and FeFz to 
be about the same altliough the separation for CrF3 
should be about 25% smaller. Figure 7.46 illustrates 
1 h t  experimentally the predicted trends are correct. 
For K4 Fe(CNI6 there is tio observed splitting, which is 
expected since all electrons are believed to be paired.6 

[f one considers compounds of Cr3' (d " )  in an 
octahedral environment , the electron configuration will 
always be tZg3eg0 no matter tiow strong the ligand field 
is. Therefore tlie effects of delocalization can be 
observed clearly. From Fig. 7.47 it is obvious that for 
niore covalent-type ligands, the splitting is less, that is, 

From other studies it is found that CN-coordinates to  
a metal through extensive bonding.6 K,Cr(CN)& is 
indicative of this type of bonding since only a single 
peak occurs (Fig. 7.47). 

Selected compounds were examined ccxitaining metal 
ions from the second transition metal series. The 
observed splitting for Rh203 and RuOz appeared to  be 
about 4 eV, but the analysis was difficult due to an 
increase in the natural width of the peaks and to a 
decrease in the peak intensity. Free-ion Hartree-Fock 
calculations indicate that the splittitigs should be about 
tlie same as or slightly lower than those of first row 
transition metal ions with the same number of unpaired 
electrons. 

A q c r z s , t  < * E ( c r a O 3 )  and * q C r C 1 3 )  < A%rF3)* 
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Fig. 7.45. The ligand field effect on a do octahedral ion using 
FeZe as an example. AF the ligand field IS imposed, the 

orbitals and two degenerate e orbitals. If the ligand field IS 
mcreasd [as It  is in going from%eP2 to K4Fe(CN)6] the ligmd 
field splitting, D,, Increases so that the electrons will be pared 
111 the lower-energy state. 

degenerate d orbital 15 resolved mto three degenerate t 2g 
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Fig. 7.46. Photoelectron spectra of 3s shell for CrF3, MnF2, 
FeF2, and K4Pe(CN)6 using Al Ka x rays. The error barb 
indlcate the counting L ~ t i ~ t i c s  1 he dashed line indicates the 
weighted center of the 3s level In each spectrum the rnultiplet 
sphtting is indicated by an m o w  between the centers (which 
was determined by deconvolution) of the two peahs Eor 
K4Fe(CN)6 there is no multiplet splitting 
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Pig. 7.47. Photoelectron specfra of the 3s shell for azo3, 
Cr2S3, CrF3, CrC13, and K3Cr(CN)6 using AI Ka x rays. The 
error bars indicate the counting statistics. Thc dashed lines 
indicate the weighted center of the 3s level. In each spectrum 
the multiplet splitting is indicated by a n  arrow between the 
centers (which was determined by deconvolution) of the two 
peaks. For K ~ C I ( C N ) ~  there is no multiplet splitting. 

The shift in the inner-shell binding energies as a 
function of the chemical environment can be observed 
by comparing the weighted centers of the peak (the 
dashed lines in Fig. 7.47). These shifts agree with the 
chemical shifts for suhshells of the metal ions in which 
the multiplet splitting is negligible. .The chemical shifts 

reflect the change in overall electronic environment: the 
greater the density, the lower the inner-shell binding 
energies. Such data on the chemical shifts in the inner 
shells form the heart of ESCA (Electron Spectroscopy 
for Chemical Ana ly~ i s ) .~  From the photoelectron spec- 
tra of the transition metal compounds one can learn 
about both the specific nature of the d orbital (from 
core splitling) and about the change in the overall 
electron density surrounding the metal ions (from the 
inner-shell chemical shifts). 

I t  is hoped that an extension of the calculations can 
be pursued by  making the wave functions used in the 
exchange integral [Eq. ( l ) ]  more molecular in nature. 
Coinparisoris with other methods of measuring the 
nature of the d-orbital bonding interaction, such as 
neutron diffraction, NMR, ESR, and Mossbauer spec- 
troscopy, will be made. 
_I_ ___ 
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MANIFESTATION OF ATOMIC DYNAMlCS 
'THROUGH THE AZJGEK EFFECT' J 

M. Q. Krause T. A. Carlson 
W. E. Moddeman3 

Using the neon Auger spectrum as an example, we 
show how Auger spectra yield detailed information on 
the interaction of radiation or particles with atomic 
electrons and on the mechanics of electron-electron 
interaction of the inner-shell-ionized atom. Processes 
such as simple ionization, simple excitation, double 
ionization, excitation-ionization, etc., can he distin- 
guished and studied by Auger electron spectrometry. In 
accordance with the underlying physical process we 
present a classification of the some 90 lines of the neon 
spectrum, obtained by both photon and electron 
excitation. Kelative energies and intensities of the lines 
within the various categories are given and are com- 
pared with theory and data from different sources. 
Dependence of spectral intensities on excitation condi- 
tions is discussed. 
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EXCITATION ACCOMPANYING PHOTOIONIZATION 
IN ATOMS AND MOLECULES AND ITS 

RELATIONSHIP TO ELECTRON CORRELATION’ 3 2  

W. E. Moddeman3 
Thomas A. Carlson Manfred 0. Krause 

If electron correlation is neglected, the photoelectric 
effect requires that only one electron be ejected from 
an atom. Experimentally, however, it is found in the 
pliotoionization process that there is a high probability 
for simultaneous excitation o r  ionization of a second 
electron in the same atom, This extra excitation can be 
explained by electron correlation: in some cases ini- 
plicidy tlirough the use of single-electron wave func- 
tions as in electxon shake-ol‘f calculations, and in other 
cases through the use o f  wave functions that explicitly 
include correlation. We have utilized two recently 
constructed high-resolution electron spectrometers 1.0 
measure satellite lines in the photoelectron spectra of 
both tlie inner and valence shells of the rare gases (He, 
Ne, and Ar) and some simple gaseous molecules (CO, 
C 0 2 ,  02 ,  and N,). These satellite lines are interpreted in 
terms of transitions to excited states of the singly 
charged ion and are used t o  form a broader basis for the 
understanding of simultaneous excitation as the result 
of the photoelectron process. 
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DETERMINATIQN OF THE K-LL AUGER SPECTRA 
OF 0 2 ,  N2, CO, NO, HZO, AND COzl ” 

W. E. fvloddeman3 
Thonias A. Carlson 
Manfred 0. Krause 

H .  P. Pullen4 
W .  E .  Bull’ 
G. K. Schweitzer’ 

A double-focusing electroslalic electron spectrometer 
has been used to measuie the K-ILL Augei spectra 
resulting fiom electron impact for each of the elements 
in the gaseous molecules O z ,  N 2 ,  CO, NO, H,O, and 
C 0 2 .  An energy resolution o f  0.09%) FWIIM was 

normally employed. A method for analyzing these 
complex spectra, which involves the identification of 
normal and satellite lines, has been worked out. Normal 
lines are those arising from single electron ionization 
from the K shell without additional excitation, fol- 
lowed by an Auger process in which one electron fills 
the vacancy while a second goes into tlie continuum, 
arid where all the other electrons remain in their same 
orbitals. Satellite lines result when extra excitation 
occurs either in the initial formation of the K vacancy 
or in the subsequent Auger process. To aid in the 
identification of these satellite Lines, auxiliary experi- 
ments have been performed such as the study of 
discrete energy losses in photoionization due to elec- 
tron s h b e u p  and the comparison of Auger spectra 
produced by monoenergetic x rays. Analyses of the 
Auger spectra have provided information on the tiature 
of initial excitation processes, such a s  the transition o f  a 
K electron into excited discrete states, and on mono- 
pole excitation, and the identification of the energy and 
nature of the ground and excited states of the doubly 
charged molecular ions. ‘The second ionization potential 
was obtained for each of the molecules, and in one case, 
N 2 ,  the third ionization potential was estimated. 
Finally, the possible use of high-resolution electron 
spectroscopy in molecular, as well as elemental, analysis 
hdS been considered. 
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RESONANCE K EXCITATION A N 5  AUGER 
DECAY OF THE NITROGEN MOLECULE 

M . 0. Krause F . Wujlleumier 

In previous studies’ .3  Auger electrons more energetic 
than those which leave lhe doubly clnrged molecule 
NZ2+ in its ground state were found under electron 
bombardment; and, on the basis of energy considera- 
tioris and excitation conditions, these electrons were 
ascribed to Auger processes that follow the excitation 
of a K electron into the ( (T IS ) . . ’  ( rg2pj ,  11 state. By a 
rare coincidence, namely, the coincidence of the Ti l,q 
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x-ray energy [E = 401.3 eV and AE = 2.’7 eV (FbVIIM)] 
with the excitation energy of this state [E = 400.8 eV 
and At.,.= 2 eV (FWIIM)] , w e  are r,ow able to positively 
identify and classify these energetic lines. We also show 
that the appearance of an Auger spectrum can change 
radically with the choice of excitation source. In fact, 
the accidental resonance absorption reported here 
produces a lopsided Auger spectrum in which usually 
weak satellites assume a prominent position. We also 
obtain an  indication of the overlap of the wave 
functions of the excited ,ng2p electron and of the other 
valence electrons from the intensities of the various 
Auger processes which either involve or do not involve 
the excited electron. Finally, a rough estimate can be 
made for the oscillator strength of the transition als - 
.ng?-p in N 2 .  

We performed the experiment with our 15-cm electro- 
static energy analyzer which was operated in the usual 
mannei. Auger electrons were produced by bombarding 
N2 either with A1 KO x rays transmitted through 12 pm 
of Be or with Ti L x rays transrnitted through 0.2 pm of 
polystyrene. The high-energy parts of the resulting 
Auger spectra, matched at the line 8 4  after subtraction 
of the underlying background, are shown in Fig. 7.48. 
The difference is striking; with A1 Ka x-ray excitation, 

Fig. 7.48. High-energy past of K Anga spectrum of N2 
excited by Ti L x rays (solid circles) or by AI K O  x rays (open 
circles). Spccira are matched at B4 after subtraction of 
background. AE/E = 0.16%. The greater portion of the R region 
is presented in ref. 3 ,  and the total Auger spectrum in ref. 2. 
Ihe series B ’ L  to Bf7 corresponds to the scries BI to B7 shifted 
by 12.8 eV into the region ,4a. 

no lines are observed in region A ,  and only a weak 
structure in region A,, while with Ti 1, x-ray excitation 
intense lines and bands appear in these regions. The 
absence or presence of  this feature in the Auger 
spectrum depends entirely on whether or not photons 
of energy 400 eV 5 6 2 402 eV are incident on N 2 ,  
since only photons of this energy can create the 
(uls)-’ (ng2p) ,  Il state by resonance absorption, the 
state which in the subsequent decay produces Auger 
electrons in regions A ,  and A,. ‘P’he ‘Ti L q  line has the 
correct energy; and no other autoionization states are 
created which could cause ambiguities. Normal Auger 
processes, due to K ionization by Ti IA x rays and by 
bremsstrahlung, occur at energies below 367 eV, that is, 
in region B ;  some of the Auger satellites that are due to 
initial double vacancies may occur in region A, .  These 
satellites can be seen in the A1 Koc excited spectrum, but 
are expected to be negligible in the Ti L excited 
spectrum. For, although a portion of the bremsstrah- 
lung spectrum can ionize N2 sirnultaneously in K and 
valence shells, Ti La x rays are too close to  this 
ionization threshold to  cause much double ionization 
according to shake-off t h e o ~ y . ~  

Owing to  these “clean” excitation conditions, we can 
assign peaks A I  and A 2  to Auger processes in which the 
excited electron, rg2pl, participates as actor, and the 
structure in regions A, t o  Auger processes in which the 
excited election does not participate but rather remains 
a spectator. The latter case resembles the normal Auger 
processes except that the escaping electrons will suffer 
additional replilsion by  the spectator electron. In 
accord with this simple picture, bands B ,  t o  B ,  repeat 
themselves when shjfted by  +12.8 eV, as indicated in 
Fig. 7.48 by  the symbols B ’ l  to B17. However, 
structuring is less pronounced, probably due to an 
increase in the number of final states of this more 
complex configuration. Calculating the areas under the 
contours of .4, and A , ,  we find that the excited 
electron participates in the decay events about 13% of 
the times and remains spectator 87% of the times. This 
frequent participation’ of the electron in the Auger 
decay of N Z K *  indicates a relatively strong overlap of 
its wave functions with those of the other valence 
electrons. 

We can use the ‘l’i I, excited Auger spectrum6 to 
derive, within a factor of about 2, a value for the 
oscillator strengtli of the transition a l s  -+ r g 2 p ,  which 
has not been measiired so far. ‘To repeat, Auger 
processes in regions A ,  and A ,  are indicators of K 
excitation by Ti L q  x rays, and the corresponding 
Auger processes in region B are indicatois uf K 
ionization by Ti La. ‘Thus we get for the oscillator 
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strength of the 01 s -+ rg2p transition 

where [(A) and [(Rj are the Auger intensities residing in 
regions A and R (R,  to B7 j, respectively, andf l l s  --t e p )  
is the known oscillator strength of the continuum 
Ir;jnsition7 at E‘ = 452 eV. The constant K contains a 
number of relative correction and normalization 
factors, which are the following: dispersion of appa- 
ratus, multiplier 0.9; window transmission, 1 . l ;  in- 
tensity ratio of La/I,q lines, 4 as determined in an 
auxiliary experiment : contribution of bremsstrahlung 
continuum to ionizaliori relative to ionization by Ti La,  
2 a. estimated; arid partial overlap of Ti 1 , ~  line with 
the “Nakamura” resonance absorption band,8 I 5 .  With 
r(A)/I(B) = 0.7 we obtain a value o f 7  X 10.’ forf[ols - 7r,2p) of the nitrogen molrcule. This value, though of 
limited accuracy because of  the estimate o f  the brems- 
strahlung contribution, is somewhat smaller than 
Bearden and Wheeler’s theoretical result’ o f f l l s  -+ 2 p )  
= 0.18 for the nitrogen atom. The theoretical value for 
the atom is probably quite reliable since tlie same 
theory yields for neon f i l s  --p 2 p )  = 0.29 in agreement 
with experiment,” f ( l s  -+ 2p) = 0.29. That tlie 
oscillator strength of the discrete transition is only 
about one-fifth o f  the theoretical prediction might be 
attributed to  delocalization of 2 p  orbitals in the 
molecule and to a change in screening. I n  t e r m  of the 
atoin, the ng2p orbital can be placed between the 2 p  
and 3p levels but closer to the 2 p  level, which results in 
a decrease of the oscillator strength. By comparison, 
f(1s -+ 3 p ) -  5 X for n e w  is smaller by two orders 
of magnitude than/[ls -7 fp) = 0.29. 

‘io conclude, we note that what at first glance had 
appeared to be a i l  auspicious showing o f  high-energy 
Auger lines in the N2 spectruni has turned out, in  
retrospect, to  be a necessary consequence of’ a iiorinai 
behavior of the oscillator strength for the resonance 
absorption of Ti L 7 1  x rays. 
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CALCULATIONS USING 
ATOMIC WAVE FUNCTIONS 

T. A. Carlson 
C. c. Lu’ 

C. W. Nestoi, Jr.I 
T. C. Tucker’ 

F. B. Malik’ 

To support our experimental programs in charge 
spectroscopy and, more recently, electron spectros- 
copy, a relativistic Hartree-Fock-Slater program was set 
up for calculating atomic wave functions.3 in  addition 
to calculations relating to specific experimental work, 
comprehensive computations have been made on a 
variety of atomic properties of general interest to 
scientists both inside and outside the Laboratory. 
During tlie last year ionization potentials have been 
published“ for a11 the elements up to Z = 103 for a11 
states of ioniz:ilion. These calculations were based on a 
very simple model using eigenvalues and mean radii 
from the Dirac solution of the neutral atom. The 
average deviation of the calculated iorizaf.ion potentials 
from available experimental values was about 5%. These 
calculations have proved to be rnost valuable for 
predicting charge states in the production of heavy ions. 

A second publication was the complete listing’ of 
the eigenvalues, radial expectation values, and poten- 
tials for free atoms from 2 = 2 to 126 as calculated 
frooi our Relativistic Hartree-Fock-Slater Atomic Wave 
Function program. This program, which includes a 
finite size nucleus arid provision for a Wigner-Seitz 
boundary, was written for  the IBM 7091 computer and 
can be obrained from the authors upon request. 

The third application of our wave-function program 
was in the calculation6 of  K x-ray intensities for 
elements from Z = 92 to 126. With the help of these 
values and the previously calculated x-ray energies, one 
may use x-ray spectra arising from K vacancies of the 
heavy and superheavy elements as an unambiguous 
means for identifying these elements. 
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ATOMLC AND MOLECIJXAR COLLISIONS 

IONIZING COLLISIONS OF FAST ALKALI 
ATOMS WTW Cl2, Br2, AND 0 2  

N .  Kashihira' M. F. Krause 
F. Schmidt-Bleek2 S. Datz 

Collisional ionization of alkali atoms (M) with tlia- 
tomic moleciiles (X,) has reccntly been a subject for 
intensive study a t  several laboratories. Most of the 
effort has been in the measurement of positive- and 
negative-ion yields as a function of velocity in the 
energy region from thermal to 3 keV with the intention 
of determining the separate excitation functions for 
possible processes such as: 

Moreover, each of these processes can proceed by 
several mechanisms (j.e., transitions between several 
alternate potential energy siirfaces), and it is clear that 
yield information alone is not sufficient to make this 
differentiation. For this reason, we have undertaken a 
study of the inelastic energy loss accompanying chemi- 
ionizing collisions. 

In the present work, we have used time-of-flight 
techniques to  measure energies of K' and Cs' ions 
formed by  collision of 50- t o  300-eV KO and Cso atoms 
with CI, , Br, , O,,  and N, . The time-of-flight technique 
and the apparatus used in this work have been described 
p rev i~us ly .~  In this experiment, a pulse (-1 psec wide) 
of velocity-selected M+ ions is passed through a cell 

containing M vapor, and fast neutrals are produced by 
resonant charge exchange. The fast M atoms pass 
through a 3-cm cell containing the diatomic molecular 
gas. where they can undergo ionizing collisions. Ions 
produced in a direction parallel to the incident atom 
beam (+-I") can leave the cell and, after passage through 
a flight tube, strike an electron-multiplier detector. By 
coinpa~ing the flight-time differences of the M' ions 
produced in collision with primary M' ions coming 
froni the source (without resonant charge exchange), 
the energy loss of  ions formed in the reaction cell can 
be calculated. 

Some typical yield measurenieriis are shown for the 
case K f C12 and K t O2 in Fig. 7.49. They are 
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characterized by a rapid rise followed by a leveling off 
and a slight decline. At the maxinmni ihe cross sections 
tbr both K and Cs on C1, and Br, are of the order of 
100 A 2 ,  while those for 0, and N2 are of the order of 
30 and 1 a2 respectively. The principal difference 
between Cs arid K is that the yield curves for the former 
are shifted toward lower energies by ca. 20 eV. 

'The inelastic energy losses observed with the K t Br2 
and Cs + Br, systems iire shown in Fig. 7.50. The curves 
for C12 as a target are almost indistinguishable. From 
the magnitude of  the energy loss CAEmi, - 7 eV), it is 
apparent that the halogen molecule must be excited to 
a dissociative state. The maximum energy that  can be 
absorbed in a collision producing alkali and molecular 
ions is determined simply by the ioiiization potential of 
t h e  alkali [(M), the electron affinity of the halogen 
atom E(X) .  and the dissociation energy of the halogen 
molecule D"o(,X2); AE,,, (nondissociative) = I(M) .--. 

K ( X )  + D"o(Xz) = 2.83 and 2.4 eV, respectively, for 'E; 
and Cs on Brz. 

'Thus process u is not energetically allowed (into 
electronic ground states), but  process b is. Process c 
requirzs a rniniinurn inelastic loss ofl(M) = 4.3 eV for K 
and 3.9 eV for Cs, but X, (if in its electronic ground 
stale) will dissociate (process d)  if the  energy loss 
exceeds I(Mj t Do,lCX2) = 6.33 eV for K on Rr, and 
5 . 9  eV for Cs on B r 2 .  Dissociative ionization is 
therefore strongly indicated in these cases and is 
supported by the observation that X -  is the predomi- 
1ia11 t negative-ion species observed in this energy region. 

The most intriguing features of the energy loss 
mexjurement are the sharpness of the inelastic peak and 
the relative constancy of the loss with initial relative 
collision energy. The former feature is riot expected on 
the basis of simple three-body breakup, and the latter 
indicates the formation of an intermediate in a definite 
excited state. We therefore postulate tha t  the predomi- 
riarit process is a transition into a repulsive state of X i -  
with an energy of  ca. 4 eV above the ground siate of 
the X, molecule. 

I n  the case of K o r  Cs and O2 the situation is 
significantly different (Fig. 7.5 1). Although the magni- 
tudes of the energy losses are comparable with the 
Iialogen cases, the energetics are not. Tliz principal 
difference is in the binding energy of the O2 molecule 
[D",(O,) = 5.2 eV] . The minimum inelastic loss 
required for process h is 8.0 eV Cor K t O2 and 7.6 eV 
foi- C s  t 0,. In the case of K $. O,, there is sufficient 
energy loss for this to occur, while f o r  Ck + 0, the loss 
appears too small. It would appear, therefore, that in 
the case of Cs t O2 the product is excited 02-. From a 
consideration of the known states of Q2- (Fig. 7.52), it 
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Fig. 7.51. Dependence of inelastic energy loss O A  relative 
collision energy for cherni-ionization of alkali atoms with 
osygen. 

I 
" L J  1 1  1 I I I I I I I 

0.8 1.2 f .6  2.0 2.4 2.8 3.2 
INTERNUCLEAR DISTGNCF. fA1  

Fig. 7.52. Potential energy diagram for low-lying states of O2 
and 0,. 

appears ihat the most likely transition is to the Ilu 
level. In the case of K t O-, the transition is close to 
vertical, while for the slower Cs atom the transition 
[nay be totally adiabatic. leaving the 0,- in the hound 
portion of the 'IT, state. 
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DlFFERENTIATION IN L SUHSHELL VACANCY 
PRODUCTION IN IODINE IONS BY ATOMIC 

COLLISIONS A T  15 TO 60 MeV 

S. Datz B. R.  Appleton' 
C .  D. Moak' T. A. Carlson 

Recent work on x-ray emission induced by heavy- 
ion-atom collisions has demonstrated a strong depen- 
dence of the production cross section on matching of 
energy levels in the collision  partner^.^ >4 I t  has also 
been demonstrated that energy shifts in the x-ray lines 
occur for projectiles of Z > 2. and that these shifts arc 
attributable to high ionization states of the x-ray- 
emitting ions.5 ,6 These data complement the results on 
inelastic energy loss, multiple ionization, and Auger 
electron ejection obtained from experiments on violent 
ion-atom  collision^.^ Taken together, all these results 
appear t o  be best explained by theories involving 
electron promotion through level crossing in a united 
atom model,'-' but a quantitative description of the 
excitation and relaxation processes has not yet been 
carried out. 

We present the results of a systematic study of theL 
x-ray spectrum of iodine arising from collisions of 15- 
to 60-MeV iodine ions with target atoms ranging from 
carbon to lead ( Z 2  = 6 to  82). The iodine ion beams, 
obtained from the Oak Ridge EN Tanderti Van de 
Graaff accelerator, were directed at thick targets posi- 
tioned in a Faraday cup at 45" to  the beam direction 
and the x rays detected by a lithium-drifted silicon 
detector (resolution -' 190 eV> placed at 90" to the 
beam direction. 

Some typical iodine 1, x-ray spectra obtained at 38.4 
MeV are shown in Fig. 7.53 and compared with a 
spectrum obtained with 5-MeV alpha particles on NaI. 
Two striking differences are immediately apparent. 
First, all the lines are shifted t o  higher energy than the 
alpha-particle-induced spectrum (note, however, that 
the shifts are independent of Z 2 ) ,  and, second, the 
relative spectral intensities are drastically different. An 
analysis of the data has shown that the principal 
difference is in the relative probabilities of forming 
2 p 3 / ?  and 2 p I l 2  vacancies and that the branching ratio 
for filling a given vacancy is invariant with Z 2 .  The 
branching ratio for the decay of a 2 p 3 / ,  vacancy as 
determined from the intensity ratios of L1(2p3/ ,  + 

3s1/2)/L,(2[J3/2 + 3 d 3 / 2 , 5 / 2 )  and Lp2(2P3/2  -' 
* 3 / 2 , 5  / 2  YLCY were 0.0'7 + 0.01 and 0.165 3- 0.02, 
respectively, over the entire range of 2, and energy. 
Similarly, the 2 p I l ,  branching ratio L,,(2pl12 -t 

4d)/L8,(2pIl2 + 3d)  was 0.15 * 0.05. The intensity 
ratio of the lines arising from 2 ~ , , ~  vacancies to those 

from 2sI j2  vacancies was also constant, that is, 
[ L , , ( ~ S , ~ ,  -+ 3p)/Lp,] = 0.16 -t .03. The principal 
difference comes about in the ratio of 2 p 3 / ,  to  2 p I l ,  
(or 2sIli?) vacancies in the iodine ion and can be 
studied simply by measuring the relative intensities of 
L ,  and L p l .  Figure 7.54 shows some spectra obtained 
using targets in the range Z ,  = 34 to 47. (Note here that 
correction of these intensities for x-ray absorption in 
the target does not significantly affect the spectral 
shape and that there are no absorption edges in this 
wavelength region for this set of target elements.) 'The 
Lpl/I , ,  ratio also varies considerably with ion energy 
for a given target as shown In Fig. 7.55. But this decline 
with decreasing energy is by no means universal (e.g., 
the reverse is true for Cr  and Ni). Figure 7.56 
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3000 4000 5000 
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Pig. 7.53. Iodine L x-ray spectra produced by $-MeV He ion 
bombardment of Nal compared with iodine L x-ray spectra 
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Fig. 7.54. Iodine I, x-ray spectra produced by 60-MeV iodine 
ions incident on Se, Mo, Rh, and Ay. 

siimmarizes the Lo / L a  intensity ratios obtained f rom 
computer Gaussian analysis o f  the spectra taken at four 
incident ion energies. The ratio varies from 1.4 to 0.2, 
depending on Z 2  and energy, and displays two maxima 
m d  two minima. These variations correspond to a 
differentiation in the relative cross sections for the 
production of 2~~~~ vis-$-vis 2 p 1  l z  arid vacancies. 

Although measurements of  all the absolute cross 
sections for iodine I, x-ray production are not yet 
complete, we know that they are large (-lo-" cm') 
in the region Z = 43 (ref. 11) t o  52 (ref. 12), and there 
is evidence that they rise in the region Z 2  = 30 to 
The decline of the Lpl/L, ratio in this region implies 
that the vacancy production cross sect.ion is 
rising more rapidly than that for 2 p I l 2  or 2s,/, 
vacancies. In this region the binditig energy of the L 
electrons of the target atom is approaching the binding 

energy of the iodine L-shell electrons from below as Z, 
increases, which means an ever-closer match first with 
the more loosely bound 2 p 3 / ,  electrons. However, the 
downward trend in the ratio is reversed (at cadmium, Z 
= 48) before an exact match in binding energy is 
attained ( is . ,  iodine, Z = 53). In this argument we have 
been referring to the binding energies characteristic of 
neutral iodine. The L-electron binding energies of the 
hglily charged incident iodine ion (equilibrium charge 
11+ at 15 MeV and 23+ at 60 MeV) are significantly 
higher: that is, -700 eV at 23+. But this effect would 
tend to raise rather than lower the Zz at which level 
matching is achieved. Sitnilar minima in the LO1//. ,  
ratio are observed at snlfui- (Zz  = I6) prior to target 
K-shell energy level matching arid at lead (2: = 82) prior 
to target M-shell matching with iodine L-shell levels. 

The observed energy shifts are given in Table 7.15. 
Since no significant differences were observed with 
changing Z2, the tabulated numbers are averages faken 
trom those spectra where the target x rays did not 
interfere. For the L ,  and Lpl  lines the values are 
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Fig. 7.56. Ratio of iodine C,O,/La,,, x-ray intensities produced by 15- to 6Q-MeV iodine ions incident on  targets ranging froin 
carbon to lead, 

Table 7.15. Energy shifts of/, iodine x rays 

J, 01 
3938 

X ray L l  

Transition 2p3/2 - - >  3s 2p3/2 + 3d 
Unshifted energy (eV) 3485 

Shift (eV) for ion energy of: 

15.0 MeV 53 53 

21.6 MeV 65 67 

38.4 MeV 75 84 

60.0 MeV 101 1 I6  

Number of elements (8) (16) 

1201 
4221 

02 
4508 

LY2 
5066 

L Y ,  
4801 

128 216 (1 70) 204 

134 232 (224) 228 

142 262 (244) 273 

166 297 (250) 295 

(16) (14) (10) (11) 

comparable with those reported by Mokler.' These 
shifts are caused by  ionization and excitation of the 
emitting ion.' We have carried out nonrelativistic 
Hartree-Fock calculations for electron binding energies 
in ground-state and excited ions and relativistic Hartree- 
Fock-Slater calculaticm7 to determine differences be- 
tween 2 p  subshell shifts. From these calculations we 
conclude: 

1.  Koopman's thcorem gives only 15% differences with 
adiabatic calculations, 

2 .  LLM Coster-Kronig transitions as a mechanism for 
the redistribution of initially formed L vacancies are 
not possible for any ionization state in iodine, 

3. energy shifts in 2 p 3 / ,  and 2 p , / ,  lines should be 
identical within a few electron volts for the same 
ionic configuration, 

4. reinoval of each 3d or 3 p  oi- 3s electron causes a line 
shift of -13 eV in LM lines and 45 eV in LN lines. 

5.  removal of each 2p or 2s electron causes a line shift 
of 90 eV for LM lines and -100 eV for LN 
transitions. 

Consider first ihe possible configurations which could 
account for all line shfts (except L p l  ; see below). A 
double vacancy in the 1, shell gives too large a Fhift even 
if the ioii were otherwise neutral. Removal of all 
electrons in the 0 and N shells without perturbing 
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M-shell electrons would give too small a shf t  [AE(L,) = 
42 eV for ground-state 25+ ions]. The only satisfactory 
fit occurs when vacancies in the M shell are postulated. 
For example, for a base configuration o f  15+ and three 
M-shell electrons removed (total ion charge of L8+), 
&?(Lm) = AE(Li) = 60 eV arid a E ( L y 2  ) = AE(,Lo ) = 
QE(L72) = 210 eV, in good agreement with the data at 
15 MeV. However, equally good agreement is achieved 
with two M-shell vacancies in a 20 t  ion (total ionic 
charge = 22+). At best we can estimate that at 15 MeV 
a collision which causes an L-shell vacancy also creates 
an average of two to fourM-shell vacancies. (Because of 
our limited energy resolution, the line we observe is 
probably an envelope covering a distribution of several 
lines, each attributable to a specific ionic state.) At 60 
MeV similar agreement is obtained t b r  an average of five 
to sevenllrl-shell vacancies for a collision which creates a 
single L-shell vacancy. 

O f  the six lines observed, the L p l  line is the most 
enigmatic. The shifts are significantly larger (-50 eV) a1 
all energies. This effect could iinply that the ions 
emitting t h s  radiation are, on the metage, in higher 
excited states at the time their vacancies ( 2 ~ ~ ~ ~ )  are 
relaxed than ions with 2p, /2  vacancies. This is unlikely 
because (1) it would require 3 nlinimum o f  three 
additional M-shell vacancies and (2) in this configura- 
tion would have to be shifted an additional 200 
eV. An alternative explanation could be interference of 
the unresolved Lp4(2s,l, + 3 p I l 2 )  and L03(2.s1/2 -+ 
3 ~ ~ ~ ~ )  lines? which lie 50 and 100 eV aboveLol.  It‘L,, 
anti LO3 were comparable in magnitude with L o l ,  we 
would observe a composite line with a centroid shift of 
50 eV. However, iliis would require a drastic change in 
relative transition probabilities for filling a 2s, / 2  

vacancy. Lp4 and LO3 would normally be expected to 
be about the same intensity as L Y 2 ,  which is an order of 
magnitude lower than  the line identified with Lo 
Unresolved adjacent lines o f  this magnitude cannot 
possibly shift the peak of the Lo l  line. Whatever the 
reason for this anomalous shift, it does not affect the 
observation of gross differences in 2p, / ,  vis-&vis 2 p ,  
and 2s, ,2 vacancy formation probabilities. 

In sumniaiy, the 2 ~ , , ~ ,  2p,/,, and 2sIl2 subsheIl 
binding energies in iodine differ by only 250 eV out o f  
a total binding energy of -5 keV, and we are studying 
violent collisions at  energies up to 60 MeV. Yet there is 
a strong differentiation with slight changes in Z2 for the 
formation of vacancies in the subshells. T h s  selectivity 
implies that some form of pseudomolecular interaction 
must be involved, but it is not clear whether energy- 
tnatching argunients are sufficient or whether differ- 
ences in curve-crossing mechanisms due to spin-orbit 

differences between the two p subshells must be 
considered. 
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CHARGE-CHANCING COLLISIONS 
OF CHANNELED OXYGEN IONS IN GOLD 

S. Datz C.  D. Moak’ 
F. W. Martin‘ B. R. Appleton3 

L. B .  BridweIP 

When fast ions in a given charge state enter a medium, 
they undergo a series of charge capture and loss 
collisions. As the cliarge on the ion increases, the 
probabilil y for electron capture increases relative to  
electron loss and ultimately an “equilibrium” charge- 
state distribution is attained. The most probable charge 
state is cliaracterized by equal cross sections for 
electron capture and loss. Typically, this dynamic 
equilibrium stage i s  easily achieved within a hundred 
atom layers in a polycrystalline solid medium. However, 
when the ion is channeled in a thin single crystal, it is 
constrained to large impact p?rameter collisions with 
the atoms in the solid, anG the cross sections for 
capture and loss of electrons by the io?:, may be 
affected by the density arid velocity of the electrons 
they encounter. Earlier investigations have shown dif- 
ferences in the average charge for ions emerging in 
channeling directions and in “random” directions and 
have indicated departures from equilibrium. In the 
present work we have studied charge-state distributions 
of oxygen ions (4.45 to 40 MeV) in gold under 
conditions where it is possible to specify the trajectory 
of  the transmitted ions and as a function o f  input 
charge and path length ttirougb the channel. By 
analyzing t h e  forward exiting component of the chan- 
neled beam, we obtained group energy-loss spectra and 
measured the charge-state distribution for each energy- 
loss group. [Jsing our previous work which correlated 
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channeled energy loss with ion trajectory, we obtained 
charge-state distributions as a function of oscillation 
amplitude. At higher energies 420 to 40 MeV) we find 
no true equilibrium even for 6000-8 path lengths. 
Instead, we find quasi equilibrium for charge states up 
to 6 t  and strongly path-length-dependent charge frac- 
tioris for the injection of 7t- and 8.1. ions. The set of 
charge-transfer cross sections educed from the data 
shows a sharp drop at the 7 to 6 capture cross section 
and the 6 to  7 loss cross section. The data are 
interpreted in terms of velocity matching between the 
K electrons of oxygen and the outer electrons of the 
gold. A complete description of the results and theo- 
retical interpretation will appear in Radiation Ejj2cts. 

1. Physics Department, University of Maryland, College Park. 
2. Physics Division. 
3. Solid State Division. 
4. Physics Department, Murray State University. Murray, Ky. 

MASS SPECTROMETRY 
AND w w r m  TECHNIQUES 

THE RADIOLYSIS OF METHANE 
IN THE ELECTKLC-FIELD SOURCE 

P. S. Rudolph R. Baldock 

The electric-field soiirce’ (EFS) has been modified 
and now gives consistent and reproducible data; r?z/e’s 
26, 28, and 30 resulting from stable products produced 
by electron bombardment of CH4 in the EFS have been 
studied over a two-order-of-magnitude range of pressure 
in the EFS. Since higher masses have not yet been 
studied, the intensities at these nzle’s have not been 
corrected for contributions from higher hydrocarbons 
(HC); hence, in this report intensities at mle’s 26, 28, 
and 30 do not accurately represent the parent ions 
(CzH2+, C2H4: and C*H6+). For example, the fragment 
ion m/e = 28 from CzH6 represents 44.7% of all the 
ions from C21-16, whereas the parent ion (m/e = 30, 
Cz&+) represents only I 1.7% of the iom2 

‘The intensities of the ions studied as a function of the 
CH4 pressure in the EFS are shown in Fig. 1.57. All 
data were taken using if 100-eV electron beam in the 
EFS and with electrode 1 positive with respect to 
electrode 2.’ This polarity repels the positive ions 
formed in the electron beam so that as they migrate 
toward tlie negative electrode 2 they react with CI14 in 
ihe reaction volume between the electrodes. Only stable 
products reach the standard analytical source of the 

mass spectrometer as the EFS is separated from it by 
two molecular leaks and 18 cm of 13-mm tubing. 

The intensities of m/e’s 26 and 28 are independent of 
pressure up to about 4 X torr; then both curves 
break sharply with a slope of 1.5. The curve for m/e = 
28 maintains this slope, but the m/e = 26 curve breaks 
again at about torr to a slope of 2.8. The curve for 
m/e = 30 shows increasing intensity from the lowest 
pressure to about 2.5 X torr with a slope of 0.65. 
From this pressure to tiit: highest pressure studied the 
slope is 2.1 I 

The slope of the log-log plot should give the order of 
the reaction with respect to the CHI concentration. 
Since there is little contribution to  rn/e = 30 frorfi 
higher HC, the slope of 2.1 is probably nearly correct. 

P .I ,’ P 
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Fig. 7.57. Intensity of ions as a function of the pressure of 
CH4 in the electric-field 5ouv.x. The stable products formed by 
the electron bonibardment of CH4 in the electric-field source 
were analyzed in the rlorinal ,analytical mass spectrometer 
SOUICC. All m/e’s wcie studied under identical conditions 
(except pressure); thus, thc intensities are directly comparable. 
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One mechanism that may explain this slope is 

C2H6*  + M ---+ C2H6 + M , (4) 

7'be overall reaction due to the above sequence of 
reactions would be second order with respect to the 
methane concentration. Of course, simultaneous corn- 
peting and side reactions complicate the picture and 
may explain the fractional orders observed. 

Figure 7.58 shows the varistion in percent of ion- 
niolecule reactions (I-M Rx) as a function of EFS 
pressure. The techniques for calculating the percent of 
141 Rx have been previously described.' Figure 7.58 
shows that as the pressure increases the percents I-M Rx 
for m/e's 26 and 28 decrease until they reach limiting 
values of about 43 and 37% respectively. These values 
have not been corrected for contributions from higher 
I-IC. The values previously reported' were 27 and 41% 
for C2H2 and CzH4 respectively. 

The data for m/e = 30 suggest that the percent I-M Kx 
for this ion is independent of pressure over the range 
st.udiet1; the average value was (49 t3)'h. This is in good 
agreement with the previously reported' value of 45% 
for C 2  H6.  

r 3  
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10-4 10-2 ld  
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Fig. 7.58. Percent of ion-molecule reactions as a function of 
the methane pressure in the electric-field nomce. 

---- m / e  = 26 
--e-- m / e  = 28 

Both the intensity and percent I-M Rx for m/e  = 30 vs 
pressure differ from those for nz/. = 26 and 28. The 
differenczs may be due to  the fact that m/e = 30 is the 
"cleanest" ion studied ('.e., it has little contribution 
from higher HC), but further speculation IS not war- 
ranted until a complete investigation of al l  parent ions 
( i s . ,  up to C,H1 o+) is made. 

1. P. S .  Rudolph, p. 101 in Radiation ~heFFliXlTy TI, Advan. 
Chem. Seu. N o  82 (196C). 

2 .  Aniericaii Petroleum Insiitutc. Research Project 44, Catalog 
of Mass Spectral Data r'l'exas A & M University, College 
Station), Serial No. 2. 

CHARACTERIZATION OF VOLATILE AND 
NONVOLATILE SOLIDS OBTAINED FROM THE 
GAS PHASE RADIOLYSIS OF PENTABORANE-9' 

J.  W. Pinson2 P. S. Rudolph 
R. Baldock 

Little inforniation is available on the radiolysis o f  the 
hydrides of boron, silicon, and germanium even though 
they appear to be interesting compounds. One inter- 
esting aspect of these hydrides is their analogy to ihe 
paraffins, for example, diborane or boloethane (B? II6  1; 
they polymerize when irradiated as do the paraffins. 

Work on the benzene-soluble fraction of the non- 
volatile polymeric sulids produced by the gamma-ray 
rad iolysis of gaseous pentaborane-9 (R; I f9)  was pre- 
viously r e p ~ r t e d . ~  Thermal-probe mass-spectral analyses 
(TMA) of this fractmi4 indicated several families of 
peaks, including one in the m/e = 210 region, suggesting 
that R 1 8 H 2 2  rniglil be a product, albeit a minor one. 

A sample of pure octadecaboraiie (R gM2 ) was 
obtained, and its melting point was found to be 177 to 
1'7Y"C. TMA's were made4 on a portion of this saniple 
The same conditions as used in the arialysis of the 
benzene-soluble fraction were used on this sample so 

Table 7.16. Correlation of m a s  spectral data 
taken a t  150°C and 15-eV energy 

Relative abundance 

mli. Benzene-soluble 
fraction R18H7.2 

212 

211 

210 

209 

93 

82 

100 

85 

73 

100 

100 

95 
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that the TMA results would be comparable. A compar- 
ison of the mass-spectral data is given in Table 7.16. 

Differential thermal analyses (DTA) were made’ on 
another portion of the B1 8Hz 2 .  The thermograms from 
the Hl8HZ, were very sinlilar to those from the 
benzene-soluble fraction. 

From the intercomparison of the ‘ M A  and DTA data, 
it appears that B ,  8HZ is a component of the benzene- 
soluble fraction of the polymeric solids produced by 
the irradiation of E, H9. 

‘Three 3-liter flasks filled with B5H9 at 200 torr were 
irradiated with ‘Co gamma rays6 to  produce larger 
quantities of the radiation-produced polymers for 
further characterization. 

1 .  Research sponsored jointly with the University of South- 
ern Mississippi, Hattiesburg. 

2. Department of Chemistry, University of Southern Missis- 
sippi, Hattiesburg. 

3. (a) J. W. Pin5on and P. S .  Rudolph, abstract PHYS-100, 
159th National Meeting, American Chemical Society, Houston, 
Tex., Feb. 23-27, 1970; ( b )  J .  W. Pinson, P. S. Rudolph, and 
W. Baldock, Chem. Div. Aririu. Progr. Rep. May 20, 1970, 
ORNL-4581, p. 180. 
4. Perfornied by W. T. Rainey, Jr., Analytical Chemistry 

Division. 
5. The DTA’s on B ~ ~ H z z  were in part performed by J.  A .  

Solomon, undergraduate research student in chemistry at the 
University of Southern Mississippi, Hattiesburg. 

6 .  We are indebted to W .  W. Parkinson, Jr., Reactor Chem- 
istry Division, for permission to use the 20,OOOCi 6oCo source 
and his help in its use. 
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Sensitized Luminescence in an Einsteinium /?-Diketone Chelate and the Lower Lying Electronic Energy Levels of 
Es(III),” Chem. Phys. I,ett. 7 ,  179 (1970). 

I.,. J. Nugent, “Theory of the Tetrad Effect in the Lanthanide(I11) and Aclinide(TI1) Series,” J. Inorg. Nucl. C‘heri. 
32, 3485 ( 1  970). 

I,. J. Nugent, P. G. Laubereau,22 G. K. Werner:’ and K. L. Vander Sluis,21 “Noncovalent Character in the 
Chemical Bonds of the Lanthanide(II1) and Actinide(II1) Tricyclopentadienides,” J. Ougmometal. Chem. 27, 
365 (197 1). 

J. H. Burns and J. R. Peterson,23 “Refinement of the Crystal Structure of ArnCI, ,” Acta Oystallogr., Sect. R 26, 
1885 (1970). 

J. II. Burns and J .  R. Peterson,23 “The Crystal Structures of Americium Trichloride Hexahydrate and Berkelium 
Trichloride Hexahydrate,” Inorg. Chem. 10, 147 (197 1). 

M. D. Danford, J. H. Burns, C. E. Higgins, J .  R. Stokely, Jr.,I4 and W. H. Baldwin, “Preparation and Properties of 
Some Rare Earth and Americium Chelates,” Inoug. Chem. 9, 1953 (1970). 

J. K. Peterson,23 J. A. and R. D. B a y b a r ~ , ’ ~  “The Preparation and Some Properties of Berkelium 
Metal,” Doc. 4th Int. Cord oti Plutonium and Othcr Actitiaes, Santa Fe, N.M., Oct. 5-9, 1970; Nucl. Mct. 
17 (I ) ,  20 (1970). 

K. L. IIahn, R. I,. Stone,26 J. R. ‘Tarrant, and L. D. Hunt, “A Fast-Closing Valve to Protect an Accelerator from 
Radioactive Contamination,” Nucl. Instturn. Methods 86,33 1 (1970). 

_... . . .. .... . 

16. Mathematics Division. 
17. Nuclear Data Project. 
18. Oak Ridge Associated Universities Research Participnnt from Fresno State College, Fresno, Calif. 
19. Chemical Technology Division. 
20. Chemistry Division, Argonne National Laboratory, Argonne, 111. 
21. Physics Division. 
22. Visiting scientist from the Federal Republic of Germany, Bonn. 
23. Consultant, Department of Chemistry, University of Tennessee, Knoxville. 
24. Oak Ridge Graduate Fellow from the University of Tennessee, Knoxville, under appointment with Oak Ridge Associated 

25. Present address: Chemistry Department, Bronx Community College, Bronx, N.Y. 
26. Plant and Equipment Division. 

Universities . 
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ISOTOPE CHEMISTRY 

A. A. Palku, I,. Landau, and J .  S. Drury, “Cheinical Fractionation of Carbon Isotopes,” Ind. Erg. CJzem., Process 

C .  Torsi,27 G. Marna~itov,~’ and G .  M. Begun, “Kaman Spectra of the AlC1,-NaCI System,” Znorg. Nucl. Own. 

A. A. Palko, “Method for Fractionation of Carbon Isotopes,” US. Pat. 3,535,079 (Oct. 20, 1970). 

Des. Develop. 10, 79 (1971). 

Lett. 6,  553 (1970). 

RADIATION CHEMISTRY 

J. A. Ghorinley and C .  J .  Hochanadel, “Production of H, OH, and H,02 in the Fldsh Photolysis of Ice,” J. Phyr 

J.  A. Ghormley and C. J.  Hochanadel, “Amorphous Ice. Denaty and Reflectivity,” Science 171, 62 (197 I) .  

R. W. Matthews,’* H. A. Mafilman, and T. J .  Sworski, “Kinetics of the Oxidation of Ceriurn(lI1) by Peroxysulfuric 
Acids Induced by 6oCo Gamma Radiation,” J.  I’hys. Chem. 74,2475 (1970). 

R. W. Mattliews,2* H. A. Mahlman, arid T. J. Sworski, “Ktnetic Evidence That Go,, in the Radiolysis of Aqueous 
Suliuric and Nitric Acid Solutions Is Proportional to Election Fraction Watei,” J. Phyr. CYielem. 74, 3835 (1970). 

Chem. 75,40 (1971). 

H. 

C. 

c . 

G. 

K. 

L. 

A. Mahlman, K. W. Matltiews,’’ and T. J. Sworski, “Reduction of Cericim(lV) by Hydrogen Peroxide. 
Dependence of Reaction Kate on Harnmett’s Acidity Function.”J. Phys. CPzenz. 75, 250 (197 1). 

ORGANIC CHEMISTRY 

J. Collins, B. M. Benjamin, V. b .  Kaaen, 1. T. Glover,z9 and M. 1). E ~ k a r t , ’ ~ > ~ ’  “Molekulare Urnlagerungen 
XXVI. Kingoffriung tiurcli Desaininierung von mbstrtuierten 2endo-Bicyclo [2.2.11 heptylarninen,” Jurfzir 
Licbig.r Ann. CJiem. 739, 7 (1970). 

J. Colhrts dnd N. S. B o w ~ n a n , ~  editors, Zwtope Effects in ~ c ~ m i c n l  Henctions, American Chenii~al Society 
Monograph, Van Nostiatid Reinhold, New York, 1971. 

PHYSICAL CHEMISTRY 

S ~ a t c h a r d , ~ ’  R. M. Rush, and J. S. Johnson, “Osmotic and Activity Coefficients foi Binary Mixtures of Sodium 
Chloride, Sodium Sulf:rte, Magnesrum Sulfate, and Magriesium Chloride in Water d i  25“. J l I .  Treatment with the 
Ioris .is C ~ n i p o n e i i t s . ” ~ ~  J.  Phys. Cheni. 74,3786 (1070). 

J .  k i e r d k l o t ~ , ~ ~  , 3  “The Thermodynamic Properties of Aqueous Hydrochloric Acid-Sodium Chloride - 
Magnesium Chloride Mixtures as Calculated from Electromotive Force Measurements,” P1i.D. thesis, University 
of Ieii~iessee, Knoxville, July 1970. 

Dresncr, “Theory of llie Porous-Frit Method of Measuring Self-Diffusion ORNL-4667 (March 
107 I).  

2‘7. Department of Ctiemiatry, University o f  Tennessee, Knoxville. 
28. Visiting scientist from the Australian Atomic Energy Commission Research Estnblishnicnt, Lncas Heights, New South Wales. 
23. Present address: Oak Ridge Associated Universities, Special Training Division. 
30. Present address: Tennessee Eastman Corporation, Kingsport, Tenn. 
31.  Consultant; Professor of  Physical Chemistry, Emeritus, Massachusetts Institute of Technology, Cambridge. 
32. Research jointly sponsored by the Office of Saline Water, U.S. Department of the Interior, and by the U S .  Atomic Energy 

Commission under contract with llnion Carbide Corporation and under C,’onhact No. AT-(30-I)-905 with the Massachusetts Institute 
o f  Technology. 

3 3 .  Present address: Chemistry Department, Hob Jones University, Greeiwille, S.C. 
34. Research jointly sponsored by the OKNL-NSF Environmental Program and by thc Ot‘fix of Saline Water, U.S. Department 

of the Interior, under Union Carbide Corporation’s contract with the US. Atomic Energy Conimission. 
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R. J. Raridon and K. A. K r a ~ s , ~ ’  “Properties of Organic-Water Mixtures. Activity Coefficients of Sodium Chloride 
at Saturation in Aqueous Solutions of Some Oxy-Oxa Compounds at 2j”C,”36 J.  Chem. Eng. Data 16, 241 
(1971). 

J .  J .  Perona,19>37 T. W. P i ~ k e l , ~ *  and K. A. K r a ~ s , ~ ’  “Hyperfiltration Studies XVIII. The Optimization of 
Two-Stage Plants for the Desalination of Brackish Waters,”39 Desalination 8, 73 (1970). 

R. J. Karidon and K. A. K r a ~ s , ~ ’  “Properties of Solutions,” OSW Research and Development Report No. 685 
(October 1370). 

J .  S. Johnson, Jr., and K. A. K r a ~ s , ~ ’  “Separations Processes,” OSW Research and Development Report No. 508 
(February 1970). 

Water Research Program (J. A. Dahlheimer? ’ 94 ’ J. S. Johnson, W. R. Mixon?’ and K, A. Kraus3 ’), “Application 
of Hyperfiltration to Treatment of Municipal Sewage Effluents,” Water Pollution Control Research Series, 
OR[>-17030 EOHO1/70 (January 1970). 

J.  S. Johnson and K. A. K r a ~ s , ~ ’  “Method of Making a Dynamic Solute-Kejecting Membrane,” US. Pat. 3,503,789 

A. 

A .  

A. 

A. 

A. 

c. 

G. 

(Mar. 31, 1970). 

E. M a r c i n k o w ~ k y , ~ ~  J. S. Johnson, Jr., K. A. K r a ~ s , ~ ’  and J. K. Kuppers? 
Removing Organic Solute from Aqueous Solutions,” U S .  Pat. 3,537,988 (Nov. 3,  1970). 

“Hyperfiltration Method of 

..... _________..__ 

S. Dworkin aiid M. A. Rredig, “Pretransition Behavior of Solid Potassium and Thallium Sulfates from Heat 
Content a id  Thermal Expansion,” J. Phys. Chem. 74, 3403 (1 970). 

S. Dworkin and M. A. Bredig, “Miscibility- of Liquid Metals with Salts. 1X. The Pseudobinary Alkali Metal-Metal 
Halide Systems: Cesium Iodide- Sodium, Cesium Iodide-Lithium, and Lithium Fluoride-Potassium,” J. Phys. 
Chem. 74,3828 (1 970). 

S. Dworkin and M. A. Rredig, “Enthalpy of Alkali Metal Fluoroborates from 298-1000°K. Enthalpies and 
Entropies of Fusion and Transitioti,” J.  Chem. Eng. Data 15, 505 (1970). 

S. Dworkin and M. A.  Bredig, “Enthalpy of Lanthanide Chlorides, Bromides and Iodides from 238- 1300°K. 
Enlhalpies of Fusioo and Transition,” High Temp. Sci. 3, 81 (1971). 

W. L i n ~ e y , ~ ~  ‘‘High Temperature Enthalpies of the Lead Halides: Enthalpies and Entropies of Fusion,” Ph.D. 
Dissertation, North Texas State 1Jnivei-sity, Denton, June 1970. 

I_̂ . ............ .. ._ .. ... 

1-1. Cartledge, “Free Energies of Formation of Hydrous Oxides of Technetium in Its Lower Valencies,” J. 
Electrochem. Soc. 118,23 1 (197 1) .  

35 .  Director’s Division. 
36. Research sponsored by the Office of Saline Water, U S .  Department of the Interior, under Union Carbide Corporation’s 

37. Present address: Department of Chemical Engineering, University of Tennessee, Knoxville. 
38. General Engineering Division. 
39. Research jointly- sponsored by the Office of Saline Water, U S .  Department of the Interior, and by lhe U.S. Atomic Energy 

40. Reactor Division. 
41. Present address: U‘EDCO corporation, Buchanan, N.Y. 
42. Present address: Union Carbide Corporation, South Charleston, W.Va. 
43. Oak Ridge Associated Universities Rcsearch Participant from the University of North Carolina, Charlotte. 
44. Oak Ridge Graduate Fellow under appointment with Oak Ridge Associated Universities. Present address: Ernporia College, 

contract with the 1J.S. Atomic Energy Commission. 

Commission under contract with Union Carbide Corporation. 

Eniporia> Kan. 
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R. E. Meyer, M. C. Baiita,4’ P. M. Lantz, and F. A. Posey, “Chronopotentiometry and Voltammetry of the Ag-AgC1 
J. Electrounal. Chem. Inter-zcial Electrochem. 30, 345 

F. A. Posey and R. E. Meyer, “Chonopotentiometry and Voltarntnetry of the Ag-AgCl Electrode in Flowing 

Electrode in Flowing Streams. I .  Experi mental,”3 
( I97 1). 

Streams. 11. T h e ~ r e t i c a l , ” ~ ~  J. Electroanul. Chem. Iriterjacial Electrochem. 30,359 (197 1). 

CHEMICAL PHYSICS 

Z. M.  El Saffar46 and G. M. Brown, “The Structure of Manganese Dichloride Tetrahydrate: A Neutron Diffraction 

L. H. Hall4 and G. M. Brown, “The Crystal and Molecular Structure of‘ N-Formylaminomethyli‘errocerie, 

W. E. Tluessen and €I. Hope:’ “The Struclure and Absolute Configuration of SolMialin, C1 sllz o05 ,” Acta 

K. D. Ellison, C. K. Johnson, and H. A. Levy, “Glycolic Acid. Direct Neutron Diffraction Deterinination of Crystal 

W. R. Busing, “An Interpretation of the Structures of Alkaliae Earth Chlorides in Terms of Interionic Forces,” 

Study,’’ Acta Oystallogr., Sect. B 27, 66 (1971). 

[(C51-15)Fe(C5H,)JCH,NHCH0,” Acta Oystallogr., Swt .  B 27,Xl (1971). 

Oystallogr., Sect. B 26, 554 (1970). 

Structure arid Thermal Motion h a l y a s , ”  Acta Crystalloy., Sect. L3 27, 333 (197 1). 

W 

C. 

c. 

C. 

c. 

L. 

c. 

Tkzris. Amer. OystaClogr. Ass. 6 ,  57 (1970). 

R. Busing, “Least-Squdres Refinement o f  Lattice arid Orientation Pdranieters for Use in Automatic 
Uiffractometry,” pp. 3 19 30 in Czystallographic Computing, edited by F. D. Nnned,  Munksgaaid Pubhshuig 
co., 1970. 

K. Johnson, ‘‘An Introduction to Thermal-Motion Analysis,” pp. 207 19 in Ckyslallogruphic Computing, edited 
by F. D. Ahmed, Munksgaard Publishing Co., 1970. 

K. Johnson, “Tlte Effect of Theirndl Motion on Interatomic Distances and ,.lngles,” pp. 220-26 in 
CYystallogruphic Compuhfig, edited by F. D. Ahmed. Munksgaard Publishing Co., 1970. 

K. Johnson, “Drawing Crystal Structuies by Computer,” pp. 227 30 in Cryctullogrupkzc Computing, cdited by F. 
D. Ahnied, Muriksgaard Publislung Co., L970 

K. Johnson, “ORTbP, a Fortran Thermal-bllipsoid Plot Piogram for Crystal Structure Illuqtrationsa” OKNL-3794 
(Second Revlston, June 1970). 

BIuin,OY “X-Kay Scattering from Liquids with Neaily Sphencal Molecules,” J. Comput. Phys. 7 ,  222 (1971). 

F o l ~ e r , ~ ’  R. W. H e n d i ~ k s , ~  
Decahydrate at S”C.”J. CJwm. Phys. 54,799 (1971). 

dnd A. H. Narten, “Diff~sction Pattern and Sfructure of 1,iquid Triinetliylamine 

R. Livingston and I-I. Zeldes, “Paramagnetic Resonance Study of Liquids during Photolysis. Vlf I. An Emission 

13. Zeldes and R. Livirigstori, “Paramagnetic Resonance Study of Liquids during Ptiololysis. IX. Oxalic Acid and Its 

Spectrum from Solutions of Tartaric Acid,”J. C?zmi. Phys. 53, 1406 (1970). 

Esters,”J. Phys. Cazem. 74, 3336 (1970). 

45. Summer faculty employee, 1969; present address: Department ofchernistry, Sam Houston State University, Hunt-wille, ’rex. 
46. Visiting scientist from Iraq, 1965-1966. Present address: Department of Physics, DePaul IJniversity, Chicago, 111. 
47. Oak Ridge Associated Universities Research Participant from Florida Atlantic University, HOCA Raton, summer 1966. Przsent 

48. Department of Chemistry, University of Chlifornia, Davis. 
49. Oak Ridge Associated Universities Research Participant from Department of Physics, University of Puerto Rico, Rio Piedras. 
50. Visiting scientist from the University of Pittsburgh, Pittsburgh, Pa., 1970. 
5 I .  Metals and Ceramics Division. 

address: Department of Chemistry, Eastern Nararene College, Wollaston, Mass. 
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R. Livingston, J. K. D ~ k r m a n n , ~ ~  and H. Zeldes, “Paramagnetic Resonance Study of liquids during Photolysis. X. 

H. Zeldes and R. Livingston, “Paramagnetic Resonance Study of Liquids during Photolysis. XI. Citric Acid and 

M. M. Abraham:53 L. A. R ~ a t n e r , ~ ~  C. B. Finch,” R, W. Reynolds,54 and 1%. Zeldes, “EPR Investigations of 

Hyperfine Interactions from ’ 3C,r ’J  Chem. PIEys. 53,2448 (1970). 

Sodium Citrate in Aqueous Solution,”J. Amer. Chem. Soc. 93, 1082 (1971). 

Divalent Americium and Trivalent Curium in Strontium Chloride,” Phys. Rev. B 1 ,  3555 (1970). 

T. 

L. 

B. 
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T. 

T. 

L. 

T. 

T. 

A.  Carlson, C. W. Nestor, Jr.,I6 N. Wa~serrnan,’~ and J .  D. McDowell,16 “Comprehensive Calculatjon of 
Ionization Potentials and Binding Energies for Multiply-Charged Ions,” ORNL-4562 (July 1970). 

D. Hulett14 and T. A. Carlson, “Analysis of Compounds of Biological Interest by Electron Spectroscopy,” CEzn. 
Chem. 16,677 (1970). 

P. h1ien,24 % 5 6  T. A. Carlson, W. E. M~ddesnan ,~  
‘“Photoelectron Spectra of Methane, Silane, Germane, Methyl Fluoride, Difluoromethane, and Trifliioro- 
methane,”J. Chcm. Phys. 53, 768 (1970). 

E. B. P. h11en,24i56 F. ’4. Grimrn:7 W. E. Moddernan,s7 G. K. Schweitzer:7 and T. A. Carlson, 
“High-Resolution Photoelectron Spectroscopy of Carbon and Silicon Tetrafluorides,” Innorg. Chern. 9, 2474 
(1970). 

C. W. Nestor, Jr.,’ and F. B. Malik,58 “Eigenvalues, Radial Expectation 
Values, and Potentials for Free Atoms from Z = 2 to 126 as Calculated from Relativistic Hartree-Fock-Slater 
Atomic Wave Functions,” ORNL-4614 (December 1970). 

A. Carlson, C. W. Nestor, Jr.,’ “Calculated Ionization Potentials for 
Multiply Charged Ions,”At. Dofa 2 , 6 3  (1970). 

D. Huletti4 and T. A. Carlson, ‘‘Measurements of Chemical Shifts in the Photoelectron Spectra of Arsenic and 
Bromine Compounds,” AppL Spectrosc. 2 5 , 3 3  (1971). 

A. Carlson, “Spectroscopy, Photoelectron,” pp. 400---402 in McGruw-Hill Yeurhook of Science arid Technology, 
1971. 

A. Carlson, “Angular Dependence of Vibrational Str\rcture in the Photoelectron Spectra of N2 and 0, ,” Chem. 
Phys. Lett. 9, 23 (1971). 

G. K. Schweitzer: W. E.  bull^ and F. A. Grimni,* 

A. Carlson, C. C. Lu,’ T. C. Tucker,’ 

N. W a ~ s e r r n a n , ~ ~  and J. D. McDowell,’ 

W. E. M ~ d d e r i a n , ~  “Auger Spectroscopy of Simple Gaseous Molecules,” P1i.D. thesis, Iiniversity of Tennessee, 
Knoxville, September 1970; ORNL-TM-3012 (September 1970). 

..._ __ -- .... . . . . . .- . 

S. Datz, H. 0. L ~ t z , ’ ~  L. B. Bridwe11,60 C. U. Moak:’ II. D, Retz,6’962 and L. D. Ellswoith,6’ “Electron Capture 
and Loss Cross Sections of Fast Bromine Ions in Gases,” Phys. Rev. A 2,430 (1970). 

52. Visiting scientist from Institut fur Physikalische Chemie der Freien Universitat Berlin, Germany, 1949--1970. 
53. Solid State Division. 
54. Applied Technology Center, Inc., Dallas, Tex. 
5 5 .  Oak Ridge Associated Universities Summer Student Trainee from Cornell University, Ithaca, N.Y., summer 1968. 
56. Present addrew Southeartern Louisiana State College, Ilammond. 
57. Graduate studelit from the University of Tennessee, Knoxville, supported by National Aeronautics and Space Adninistration 

58. Indiana University, Bloomington. 
59. Present addrcss: I<ernforschungsanlage, Julich, West Germany. 
40. Present addrcss: Physics Department, Murray State University, Murray, Ky.  
61. Physics Department, Kansas State IJniversity, Manhattan. 
62. Present address: Physics Department, Massachusetts Jnstitute of Technology, Cambridge. 

research grant NGL 43-001-021, Supplement 3 .  Present address: Vanderbilt University, Nashville, Tenn. 
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S .  DatL, C. D. Moak,21 B. R. A p p l e t ~ n , ~ ~  M. T. R~bir ison,’~ and 0. S. O e r ~ , ’ ~  “Energy Dependence of Chdnnekd 
Ion Energy Loss Spectra,” p. 374 in Atomic Collision Phciiomena m Solids, edited by D. W. Palmer, M. W. 
Thompson, and P. D. Townrend, North-Holland Press, 1070. 

“Channeling Effects in the Light Emission from Helium 
Ion Beams Excited by a Gold Sirigle Crystal,” Phys. Lett. A 33, I2 1 (1 970). 

and T. S. N ~ g g l e , ’ ~  “Non-Equrlibiium Charge States of 60 MeV I Ions Channeled in 
Au Single Crystals,” Phys. Lett. A 33, 309 (1970). 

J. A n d e r s ~ n , ‘ ~  S. Dall, P. Hvelpli~nd,‘~ and G. Sgrensen,h 

H 0. L u t ~ , ~ ~  C. D. Moak,2 

6 3 .  institute of Physics, University of Aarhus, Denmark. 



Papers Presented at Scientilic and Technical Meetings 

NUCLEAR CNEMIS’I’KY 

E. Eichler and S. Raman,*’ “New Observations in the A = 49 Decay Chain; Levels in 49Sc and 49Ti,” 197 1 Spring 
Meeting, American Physical Society, Washington, D.C., Apr. 26-29; Bull. Arner. Phys. SOC. 16,494 (197 1). 

N. R. Johnson, “Spectroscopic Studies of Nuclear Struc~ure,” SoutheastSouthwest Kegional Meeting, American 
Chemical Society, New Orleans, La., Dec. 2--4, 1970; abstract NUCL-303 (invited). 

N. C. Singhal,*’ N. R. Johnson, E. Eichler, and J. €1. ha milt or^,^ “The Decay of ‘ 0 4 R h , ”  1971 Annual Meeting, 
American Fhysical Society, New York, Feb. lL4;Buli. Amer. Phys. SOC. 16, 14 (1971). 

E. C o l l i n ~ , ~  J. H. I - Iamil t~n,”~ P. E. L i t t l ~ , ~  A. V. R a m a ~ y a , ~  and N. R. Johnson, “y-y Directional Correlations of 
the 961 -89 and 2089-89 keV Cascades in Gd,” International conference on Angular Correlations in Nuclear 
Disintegrations, Delft, Netherlands, Aug. 17- 21, 1970. 

and J. H. Hamilton: “Properties of the p- and y-Vibrational Levels of l s 6 G d  
Populated in the Decay of 1s6Eu,”  1971 Annual Meeting, American Physical Society, New York, Feb. 1 -4; 
RuEI. Amer. Phys. SOC. 16, 130 (1971). 

Annual Meeting, American Physical Society, New York, Feb. 1 --~4;BuZl. Amer. Phys. SOC. 16, 130 (1971). 

K. S. ‘ r ~ t h * ~  and R. I,. Hahn, “Searc,h for New a-Emitters with N = 85 and N =  87,” International Conference on 
the Properties of Niiclei Far from the Region of Beta-Stability, Leysin, Switzerland, Aug. 31 -Sept. 4, 1970. 

K. S. Toth*’ and R. L. I-Iahn, “Search for New a-Emitters with N = 86 and N = 87,” 160th National Meeting, 
American Chemical Society? Chicago, Ill., Sept. 14-18, 1970; abstract NUCL-62. 

K. S. Toth*’ and R. I,. Hahn, ‘‘a Decay from High-Spin Isomers in 1s3Ho and  1 s 4 H ~ , ”  1970 Fall Meeting, 
American Physical Society, New Orleans, La., Nov. 23---25;BulZ. Amer. Phys. SOC. 15, 1358 (1970). 

K. S. Toth,*’ R. L. Hahn, and M. A. Ijaz,6 “Search for the New Isotopes, ”’’l’m and lS6Tm,” 1971 Spring 
Meeting, American Physical Society, Washington, D.C., Apr. 26-29; Bull. Amer. Phys. SOC. 16, 539 (1971). 

G. I). O’Kellcy,* J .  S. Bldridge,7 E. Schonfeld,’ and P. R. Bell,9 “Comparative Radionuclide Concentrations and 
Ages of Apollo 11 and Apollo 12 Samples from Nondestructive Gamma-Ray Spectrometry,” Second Lunar 
Science Conference, Houston, Tex., Jan. 11-14,1971. 

E. Schonfeld”’ and G. D. O’Kelley, “The Selenographic Orientation of Apollo 12 Rocks Determined by 
Nondestructive Gamma-Ray Spectroscopy,” Second Lunar Science Conference, Houston, Tex., Jan. 1 1 ~- 14, 
19’71. 

’ 

N. R. Johnson, A. F. 

A. F. K l ~ k , ” ~  N. R. Johnson, and J. H. H a r n i l t ~ n , ~  “Levels of s8Gd Populated by the Decay of l 5  ‘Eu , ” 1971 

*Speaker. 
1. Nuclear Data Project. 
2. Graduate research assistant from Vanderbilt University, Nashville, Tenn. 
3. Physics Department, Vanderbilt University, Nashville, Tenn. 
4. Oak Ridge Graduate Fellow froin Vanderbilt University, Nashville, ‘Tenn., under appointment with Oak Ridge Associated 

5. Electronuclear Division. 
6. Fhysics Department, Virginia Polytechnic Institute, Rlackshurg. 
7. Analytical Chemistry Division. 
8. NASA Manned Spacecraft Center, Howton, Tex. 
9. Formerly of the NASA Manned Spacecraft Center, Houston, Tex., now of the Director’s Division. 

Universities. Present address: U.S. Atomic Energy Comrnis$ion, Washington, D.C. 
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J .  S. El~lridge,“~ K. J. Nor ihc~ i t t ,~  and G. D. O’Kelley, “Standards for Low-Level Gamma-Kay Spectrometry of 
Lunar and Geochemical Samples,” Symposium on Standard Radioactive Materials and Their Uses, 16 1st 
Nalional Meeting, American Chemical Society, Los Angeles, Calif., Mar. 28 -Apr. 2 ,  197 1 ; abstract NUCL-7. 

CHEMISTRY AND PHYSICS OF TRANSURANIUM ELEMENTS 

R. L. Hdm* and K. S. Toth,s “Emission of Charged Particles in Complex Nuclear Keactions on Heavy Targets,” 
160th National Meeting, American Chemical Society, Chicago, Ill., Sept. 14-18, 1970; abstract NUCL-I 7. 

R. I-. H i h i ,  ”Recent Research with Heavy Ions and Heavy Elements at Oak Ridge,” Heavy Ion lhers’ Meeting, 
Columbia University, New York, Feb. 5, 1971 (invited). 

J. L. C .  Ford, Jr+,*l0 P. H. Stelson,” K. L. Robinson,” F. K. McGowan,” W. T. Milner,” and C. E. Betnis, Jr., 
“Coulomb Excitation of 1 9 7 A ~ ,  20411g, arid 2 3 8 U , ”  197 1 Spring Meeting, American Physical Society, 
Washington, D.C., Apr. 26-29; Bull. Awm. Phys. Soc. 16, 5 15 (1971). 

E. Eicliler,” N.  R. Johnson, C. E. Bemis, and R. 0. Sayer,’’ “Coulomb Excitation of 2 4 2 P u  and 23817 wilhtfeavy 
Ions,” 1971 Spring Meedng, American Pliysical Society, Washington, D.C., Apr. 26-29; BUZZ. Amef: Phys. Soc. 
16,494 (1971). 

M. J. Zender,” C. E. Remis, Jr., and M. R. Schmorak,*’ “Rotational Parameters in the A > 230 Mass Region,” 
1970 Meeting, American Physical Society, Houston, ‘rex., Oct. 1 S I  7;UuZZ. Amer. Phys. Snc. 15, 1650 (1970). 

M. R. Schrnorak,’ N. R. Cove,’3 C .  E. Bemis, Jr.,* and M. J. Zender,I2 “Ground State Rotational Bands in 
Even-Even Actinide Nuclei,” International Conference on Heavy lon Physics, Dubna, U.S.S.R., Feb. 1 1 -- 17, 
197 I (invited). 

Y. Y. C l ~ u , ’ ~  M. L. Per lmar~ , ’~  P. F. Dittner, and C .  E. Bernis, Jr.?* “Electron Binding Energies and Fluorescent 
Yields in Curium (Z = %),” International Conference on Heavy Ion Physics, Dubna, U.S.S.R., Feb. 1 I ---17, 
1971. 

P. F. Ditttier“ and C .  E. Benlis, Jr., “K X-Kay Energies and Intensities of Ctn, Rk, Cf, Es, and Frn,” 197 I Spring 
Meeting, American Physical Society, Washington, D.C., Apr. 26-29; WiZI. Anzer. Phys. Soc. I6 ,6  17 (1 97 1). 

Y. Y. Chu,I4 M. L. P e r l r n x ~ , ’ ~  P. F. Dittner,* and C. E. Bernis, Jr., “Determination of Electron Binding Energies in 
Cririum ( Z  = 96),” 1971 Spring Meeting, Ainericari Physical Society, Washington, D.C., Apr. 26---29;U~/II. Amer. 
Phys. Snc. 16,618 (1971). 

C. E. Bemis, Jr.,* P. F. Dittner, D. C. He~is ley ,~  C. D. Goodman,’ and R. J. Silva, “The Unequivocal Identitkation 
of Transfermium Elements by X-Ray Techniques,” International Conference on Heavy Ion Physics, Dubna, 
IJ.S.S.R., Feb. 11--17, 1971 (invited). 

R. 3. Silva, “Recent Chemical Studies of the Transfermium Elements in the United States,” Conference on 
Radiochemistry, Dubna, [J.S.S.R., Sept. 28-Oct. 8, 1970. 

0. L. Keller, Jr., “Investigations of Transuranium Elements as Sources of Radiation arid Power,” JournZes 
Techniques de Paris, 92me Salon International de la Climie, Apr. 19-24, 1971 (invited). 

0. L. Keller, Jr., “Transactinide and Superheavy Elements,” Southeast-Southwest Regional Meeting, American 
Chemical Society, New Orleans, La., Dec. ‘2-4, 1970 (invited). 

L. J. Nugent, “Theory of the Te [rad Effect in the Ldnthanide(II1) and Actinide(iI1) Series,” Southeast-Southwest 
Regional Meeting, American Chemical Society, New Orleans, La., k c .  2-4, 1970. 

IO. Physics Division. 
11. Physics Deplutment, Furman University, Creenville, S.C. 
12. Oak Ridge Associated Universities Research Participant from Fresno State College, Fresno, Calif. 
13. Mathematics Division. 
14. kpartment  of Chemistry, Hrookhaven National Laboratory, Upton, Long Island, N.Y. 
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J. H. Burns” and P. G. Laubereau,’ ’ ‘‘The Crystal and Molecular Structure of Uranium Triindenide Chloride,” 
Winter Meeting, American Crystallographic Association, University of South Carolina, Columbia, Jan. 31 --Fcb. 
4, 1971. 

J. J.,. Atwood,*16 J. 11. Burns, and P. G. Laubereau,” “The Crystal and Molecular Structure of 
’l’ris(indenyl)samarium,” Winter Meeting, American Crystallographic Association, University of South Carolina, 
Columbia, Jan. 3 1 - - -  Feb. 4, 197 1 .  

J. R.  Peterson,”’ J. A. Fahey,183’9 and R. D. Baybarz,20 “The Preparation and Some Properties of Berkelium 
Metal,” Fourth International Conference on Plutonium and Other Actinides, Santa Fe, N.M., Oct. 5-9, 1970. 

J. K. Peterson,’ “Chemistry of the Transplutonium Elements,” Symposium on Advances in Nuclear Chemistry, 
Southeast-Southwest Regional Meeting, American Chemical Society, New Orleans, La., Dec. 2.- 4,  19’70 
(invited). 

ISOTOPE CHEMISTKY 

G. M. Begun,* G. ‘l’orsi,’’ and G. Mal-nantov?’ “The Raman Spectra of Aluminum Trihalide-Sodium IIalide 
System,” Symposium on Molecular Structure and Spectroscopy, Ohio State [Jniversity, Columbus, Sept. 12, 
1970. 

PHYSICAL CHEMISTRY 

G .  Scatchard,” J .  S. Johmson, and K. M. Rush,* “Free Energies of Mixed Electrolyte Solutions,” 160th National 
Meeting, American Chemical Society, Chicago, Ill., Sept. 14-18, 1970; abstract PHYS-42 (invited paper for H.S. 
I-Iarned Memorial Symposium). 

M. 13. Lietzke* and R. J. Herdklotz,’ , 2 3  “Activity Coefficient Behavior in Several Aqueous Four-Component 
Systems,” 160th National Meeting, American Chemical Society, Chicago, Ill., Sept. 14-18, 1970; abstract 
PHYS-43 (invited paper for H. S. Rarned Memorial Symposium). 

M. 1-1. Lietzke, “Activity Coefficient Behavior in Multicomponent Electrolyte Systems,” Gordon Research 
Conference on Electrochemistry, Santa Barbara, Calif., Jan. 19, 1971. 

K. A. K r a q 2 ‘  H. 0. Phillips, R. J. Raridon,* and S. B. Sachs,” “Some Properties of Electrolytes in Water-Organic 
Mixtures,” 160th National Meeting, American Chemical Society, Chicago, Ill., Sept. 14-1 8, 1970; abstract 
PIiYS-65 (invited paper for H. S. Ilarned Memorial Symposium). 

J. S. Johnson, Jr., “Hyperfiltration,” Gordon Research Conference on Separations and Purifications, New London, 
N.1-I., Sept. 4, 1970 (invited). 

K. A. K r a ~ s , ’ ~  “Hyperfiltration and Related Methods,” Symposium on Reverse Osmosis, Roswell, N.M., Nov. 5, 
1970 (invited). 

E. H. Taylor, “A Kinetic Argument against the Existence of Anomalous Water,” 44th Annual Colloid Symposium, 
Ixhigh University, Bethlehem, Pa., June 22-24, 1970. 

15. Visiting scientist from the Federal Republic of Germany, Bonn. 
16. Department of Chemistry, University of Alabama, University. 
1 7 .  Consultant, Department of Chemistry, IJniversity of ‘Tennessee, Knoxville. 
18. Oak h d g c  Graduate Fellow from the University of Tennessee, Knoxville, under appointment with Oak Ridge Associated 

Universities. 
19. Present address: Chemistry Department, Bronx Community College, Bronx, N.Y. 
20. Cheiiiical Technology Division. 
21. Department of Chemistry, University of Tennessee, Knoxville. 
22. Consultant; Professor of Physical Chemistry, Emeritus, Massachusetts Institute of Technology, Cambridge. 
23. Present address: Chemistry Department, Rob Jones University, Greenville, S.C. 
24. Director’s Division. 
25. Visiting scientist from the Weizmann Institute of Sciencc, Rehovoth, Israel. 
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CHEMICAL PHYSICS 

M. Brown” and G. R. “Crystal Structure of (C6H5 C6H4)3NiC104-7 TriCp-biplienylyl)aniiriiuni 
Perchlorate,” Winter Meeting, American CI ystallographic Association, University of South Carolina, Columbia, 
Jan. 31-Feb. 4, 1971 

R. Busing” and E. C. K o s t a n ~ e k , ~ ~  “Urea-Phosphoric Acid: Is It a Salt?” Wintei Meeting, American 
Crystallographic Rssociation, University of South Carolina, Columbia, Jan. 3 1-Feb 4, 1971. 

K. Johnson, “Thermal-Mol ton Skewiiess and ORTEP-II,” Winter Mee Ling, Americari Crystallographic Association, 
University of South Carolina, Columbia, Jan. 3 1 Feb. 4, 197 I 

€ 3 .  Narten. “Water: X-Ray Scattering and Kadial Distribution.” Gordon Refearch Conference on Structural 
Aspects of Water and Aqueous Solutions, Tilton, N.H., Junc 14--19, 1970. 

1-1. Narten, “Analysis and Interpretation of Diffraction Data from Liquids,” Italian Crystallogiaphic Society 
Congiess, Cagliaii, Italy, Sept. 27-0c t  3, 1Y70. 

Vaslow, “Salt-Induced Critical-Type Transitions i n  Aqueous Solution. Heats o f  Dilution of the Lithum dnd 
Sodium Halides,” 160th National Meeting, American Chemical Society, Chicago, Ill., Sept. 14 18, 1970; 
abstract PHYS-192. 

G .  

W. 

C. 

A. 

A. 

F . 

r< Livingslon, “EPR of Transient Species Formed by Photolysis,” Joint Conference of The Cheniical Institute of 
Canada and the American Chemical Society, Toronto, Canada, May 24.- 29, 1970 (mvi tetl). 

If. Zeldes, “Paramagnetic Resonance of Liquids during Photolysis,” Second Southeastern Magnetic Resonance 
Conference, University of South Calolina, Columbia, Ocl. 1 2,  1970 (invited). 

L. D. II11lelt“~ and T. A. Carlson, “Applications of blecrron Spectroscopy in Analytical Chemistry,” Mid-America 
Spectroscopy Symposium, Chicago, Ill., June 2-5, 1970 

W. E Modderna~i,*~’ T. A. Cdrlsoii, M. 0. K r a ~ s e , 2 ~  B. P. Pullen,’8.30 G. K .  Schweitzer?’ and W. E. Bu11,2’ 
“Electronic States of the Singly and Doubly Positive Ions of Simple Molecule> as Seen by Auger Spectroscopy,” 
Mid-America Spectroscopy Symposium, Chicago, Ill., June 2 5, 1970. 

T A. Carlson, “Recent Work in Electron Spectroxopy at  Odk Ridge,” EUCHEM Research Conference on blcctron 
Speciroscopy, Uppsala. Sweden. Sept. 7 9, 1970 (inviled). 

L. D. H i ~ l e t t ’ ~  .md ?‘. A. Carlson, “Studles of Chemical Shifts in  Itirier Shell Binding Energieq by Photoelectron 
Spcctroscopy,” 160th Nationdl Meeting. American Clieinical Society, Chicago, Lk, SepL. 14 18. 1970. 

W. E Bull,Y2’ W. E Moddetndn,28 F. A. C;rimm,21 m d  3 A. Carlson, “Auger Spectra of Cf14,  CH3F, CH2F2,  
CIfF3, SifI4, and SiF4 ,” Conference on Photoionization Phenomena and Photoelectron Spectroscopy, Oxford, 
England, Sept 14 16, 1970 

M. 0. K ~ a u s e , ~ ~  “Hard Photons - Soft X Ray3, Use of M[ Lines of Y to Rh in Photoelectrori Spectiometry.” 
Coriferznce on Photoioiuation Phenomena and Photoelectron Spectroscopy, Oxford, knglaiid, Sept 14- 16, 
1970. 

~~ ~ 

26. Oak Ridge Graduate Fellow from North 1-exas State University, Denton, under qpointmerit with Oak Ridge Associated 

27. Oak Ridge Associated Universities Summer Student Trainee from Hiram College, Hiram, Ohio, summer 1969. 
28. Graduate student from the University of Tennessee, Knoxville. cupported by National Aeronauticy and Space Administration 

29. Formerly of the Thermonuclear Divisiou. 
30. Present address: Southeastern Louisiana State College, IIammond. 

Ilniversities, 1968 ~ - 6 9 .  Present address: Univtxsity of Alabama Medical Ceriter, Birminghm. 

research grant NGL 43-001-921, Supplement 3 .  Present address: Vanderbilt University, Nashville, Tenn. 
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T. A. Carlson,* M .  0. K r a ~ s e , ~ ~  and W. E. Moddeman:8 “Excitation Accompanying Photoionization in Atoms and 
Molecules and Its Relationship to Electron Correlation,” Conference on Simple and Multiple Electronic 
Processes in the Region of X-Rays and Vacuum U V ,  Paris, France, Sept. 21-25, 1970. 

M. 0. Krairse,*” T. A. Carlson, and W. E. Moddernan,28 “Manifestation of Atomic Dynamics through the Auger 
Effect,” Conference on Simple and Multiple Electronic Processes in the Region of X-Rays and Vacuum W, 
Paris, France, Sept. 21-25, 1970. 

“Rearrangement of Inner Shell Ionized Atoms,” Conference on Simple and Multiple Electronic 
Processes in the Region of X-Rays and Vacuum UV, Paris, France, Sept. 21 -25, 1970 (invited). 

“Instruments and Methods in Electron Spectrometry,” ASM Educational Symposium 011 Modern 
Microanalytical Techniques in Metallurgy, Oak Kidge, Tenn., Nov. 4, 1970 (invited). 

M. 0. k a m e , *  

M. 0. K r a ~ s e , ~  

R. L a ~ b e r t , ~  B. R. A p p l ~ t o n , ~ *  S. Datz, C. D. Moak,” and 1. A. Sellin,” “Inner Shell Excitation Cross Sections 
for Iodine and Silver in Collision,” 1971 Annual Meeting, American Physical Society, New York, Feh. 1 ---4; 
Bull. Amer. Phys. SOC. 16, 73 (1971). 

S. Datq* C. D. Moak,” aiid B. R. Applet0n,3~ “Inner Suhshell Competition for Vacancies in High-Energy 
Heavy-Ion Collisions,” 197 1 Spring Meeting, American Physical Society, Washington, U.C., Apr. 26G29; Bull. 
Arner. Phys. SOC. 16, 563 (1971). 

31. Physics Department, New York IJniversity, New York. 
32. Solid State Division. 



Lectures 

NUCLEAR CHEMISTRY 

G. D. OKelley, “A New Look at the Moon: Analytis of Samples from Apollv 11 and Apollo 12.” American 
Chemical Society Local Section Speaker Tour: Jamestown, N.Y., Erie, Pa.; Marietta, Youngstown, Mentor, 
Ashland, and Cleveland, Ohio; November 1970. 

CHEMISTRY AND PHYSICS OF TRANSURANIUM ELEMENTS 

C. E. Ekmis, Jr.. “The Unequivocal Identification of Trarisfermiuiri Elements; Atomic and Nuclear Spectroscopy 
dbove Z = 100,” Research Institute of Physics, Stockholm, Sweden. Feb. 8 ,  1971. 

C. E. Bemis, Ji .. “The Unequivocal Identification of Transfermiurn Elenier1ts via X-Ray Techniques,” Iristituut vooi 
Kernphysisch Otiderzoek, Amsterdam, Netherlands, Feb. 25, 197 1 .  

R. I,. H a h ,  “RHETORK - a Discourse on Research with IIeavy-Element Targets at the ORiC,” CIRNL Physics 
Division Seminar, Sept. 25, 1970. 

0. L. Keller, Jr., “Some Selected T o p u  111 the Theory and Practice of Heavy and Superheavy Elements,” Univeisily 
of Liege, Apr. 26, 1971; Iechnical CJniveisity of Darmstadt, Apr. 27, 197 I ;  Kernforschungszentrum, Karlsrulie, 
Apr. 28, 197 I .  

R. J. Silva, “Present Status ot Superheavy Elements Experinient~ at  Oak Ridge,” Transplutonrurn Comtnittee, AEC 
Headcluarkis, Germantown, Md., arid Washington, D.C., Apr. 22, 1971. 

R. J. Silva, “Present Stdtus of Superheavy Elements,” National Cross Sections Advisors Committee, Duke University, 

J. 

J. 

J. 

J .  

J. 

C. 

Durham, N.C., May 5, 1971. 

I<. Peterson,’ “Recent Developments in the Chemistry o f  Berkelium,” Seminar, Laboratoire Curie, Institut du 
Radium, Paris, France, July 2, 1970. 

K. Peterson,’ “Preparation and Properties of Berkelium Metal,” Seminar, Centre d’Etudes Nucldaires, 
Fontenay-aux-Roses, France, July 3, 1970. 

R. Peterson,’ “Self-Radiation Effects on the Observed Properties of Curium by Utilizing Curium-248,” Semioar, 
Centre d’Etudes Nucle’aires, Fontenay-aux-Roses, France, July 3, 1970. 

R. Peterson,’ “A Study of tlie Clieinistry of  Curium-248,” Seminar, University of Liege, Sart Tilman, Liege; 
Belgium, July 15, 1970. 

R. Peterson,’ “Microchemical Techniques Used in Trar~surariiun~-Elernerit Research,” Seminar, Appalachim State 
[Jniversity, Boone, N.C., Dec. 11, 1970. 

ORGANIC CHEMISTRY 

J .  Collins, “Isotopes and Organic Reaction Mechanistns,” Fisk University, Nashville, Tenn., Nov. 4, 1970, MLII ray 
State University, Muriay, Ky., Dec. 19, 1970. Virginia Polytechnic Institute, Blacksburg, Feb. 4, 197 I ;  Brown 
University, Providence, R.I., Mar 19, 1071. 

1. Consultant, Department of Chemistry, University of Tennessee, Knoxville. 
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PHYSICAL CHEMISTRY 

M. A. Bredig, “Molten Metal-Metal Halide Systems: Mobile Electrons in Fused Electrolytes,” The Robert A. Welch 
Foundation Lectureship in Chemistry: Texas Christian University, Fort Worth, Dec. 7, 1970; Tarleton State 
College, Stephenville, ‘I’ex., k c .  8, 1970; Southwest Texas State University, San Marcos, Dec. 9 ,  1970. 

CHEMICAL PHYSICS 

W. R. Biising, “Chemical Information from Neutron Diffraction Studies,” Chemistry Department, University of 
Tennessee, Knoxville, Dec. 3 ,  1970. 

K. Livingston, “Paramagnetic Resonance Studies of Free Radicals Formed in Liquids by Photolysis,” Pensacola 
Section, American Chemical Society, Pensacola, Fla., Nov. 12, 1970. 

T. A. Carlson, “Calculated X-Ray Energies for the Superheavy Elements,” Research Institute for Physics, 

T. A. Carlson, “I-ligh-Resolution Electron Spectroscopy in Chemical Analysis,” Savannah River Laboratory, Aiken, 

T. A. Caulson, “Multiple Ionization and Excitation in Atoms and Molecules,” University of Oklahoma, Oklahoma 

T. A. Carlson, “Research in ESCA at Oak Ridge,” Brookhaven National laboratory, Upton, Long Island, N.Y., Apr. 

M. 0. Krause, “‘Elektronenspektrometrie des Photoeffekts,” Colloquium DESY, Hamburg, Germany, Sept. 4, 1970. 

M. 0. Krause, “Einfache und mehrfache Photoionisationsprozesse ,” Colloquium, Gutenberg University, Mainz., 

M. 0. Krause, “Electron Spectrometry of Solids,” Seminar, ORNL Solid State Division, Apr. 22, 1971. 

Stockholm, Sweden, Sept. 3 ,  1970. 

S.C., Jan. 12, 1971. 

City,Mar. 1 1 ,  1971. 

14, 1971. 

Germany, Sept. 28, 1970. 

S. Datz, “Collision Processes in Chemical Dynamics,” Lecture Series at University of Aarhus, Aarhus, Denmark, 
April---May 1970. 

S. Datz, “’lnleratomic Potentials from High Energy Scattering in Solids,” Max-Planck Institute for Gas Dynarrlics, 
Gottingen, West Germany, July 11, 1970; Ohio State University-Battelle Memorial Institute Joint Seminar, Oct. 
9, 1970. 



Supplementary Activities 

STAFF 

PROFESSIONAL AND EDUCATIONAL ACTIVITIES 

Russell Baldock 

R. H. Husey 

W. R. HuEing 

C. J .  Collins 

S. Datz 

R. L. Ferguson 

R. L. Hahn 

C. K. Johnson 

0. L. Keller, Jr. 

K. A. Kraus 

H. A. Levy 

M. H. Lietzke 

Ralph Livingston 

G. E. Moore 

Editorial Board, Zntcrrzational Journal of ibfizss Spectrometr-v and Ion Physics, 1968-present. 

Director, Calorimetry Conference, 196% 1971. 

President, American Crystallographic Association, 1971. 

Professor of Chemistry, part time, University of 'Tennessee, Knoxville, January 1964 -present. 
NATO Award, Universities of Munich and Saarbrucken, May 14-July 9, 1971. 

Program Committee, Division of Electron and Atomic Physics, Arnerican Physical Society, 1969- 1970. 
Co-chairman, Conference on Dynamics of Molecular Collisions, Oak Ridge National Laboratory, 

Editorial Advisory Board, .4tomic Uuta, 1969--present. 
Editorial Hoard, Case Srudies in Atomic Physics, 1970-present. 
International Committee, International Conference on Atomic Collisions in Solids, 1970. 
Chairrrian, Gordon Research Conference on Particle-Solid Interactions, I969 -- I 970. 
Guest Professor, Institute of Physics, University of Aarhus, Aarhus, Denmark, April 13-July 12, 1970. 

Fellowship from Deu tschrs I3undesininisterium fur Wissenschaftliche Forschung, Garching. Germany, 

Committee on Major Nuclear Facilities, Division of Nuclear Chemistry and 'Technology, American 

Ad lfoc Committee on the Outside Use of the Supar-HILAC, American Physical Society, 1970. 

Member, National Research Council Conimittee on Chemical Crystallography. 
Consultant, Crystallographic Computing Committee, International Union f o r  Crystallography. 

USAEC Transplutonium Program Conimittee, 1969---1972. 
Member, Nuclear Physics Survey Panel, National Academy of Sciences, 1969- 197 1. 

Editorial Board, Journal of' Chromutogmphy, 19 58 -present. 
Editorial Advisory Board, .lournu1 of Inorganic and Nuclear Chemislry, 1958 --present. 
Editorial Board, Desaliiiation, 1966.- present. 

Lliscussion Leader, Welch Conference on Solid Statt: C 
Corisultant to Committee under Auspices of National Science Foundation to Study Feasibility of 

Reactivating the Materials Testing Reactor, 1971. 

Professor of Chemistry, part time, University of Tennessee, Knoxville, January 1964 ~ present. 

Professor of Chemistry, part time, University of Tennessee, Knoxville, January 1964-present. 
ORNL liaison officer for ORNLIJniversity of Tennessee part-time teaching programs, 1968 -present. 
Member, Graduate Council, University of Tennessee, Knoxville, January 1970---present. 
Co-Chairman, ESR Symposium, Division of Physical Chemistry, American Chemical Society, Athens, Ca., 

Chairman, Third Southeastern Magnetic Resonance Conference, Oak Ridge, to he held Oct. 20--22, 1971. 
Editorial Board, The Journul of Magnetic Resonaiice, January 1971Lpresent. 
Participant, Southern College University Union Planning Conference, Vanderbilt University, Nashville, 

Chairman-Elect, East Tennessee Section, American Chemical Society, 197 1. 

Instructor in Chemistry, National Science Foundation In-Service institute for Secondary School Science 

Aug. 31-Sept. 4 ,  1970. 

July 197I)-July 1971. 

Chemical Society, 1970.-1974. 

istry, Houston, Tex., November 1970. 

Tkc. 7-9, 1970. 

Tenn., Aug. 25-27, 1970. 

Teachers, Knoxville College, Knoxville, l'enn., 1967- present. 
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G. D. O’Kelley Professor of Chemistry, part time, University of Tennessee, Knoxville, January 1964 --present. 
Subcommittee on Radiocheniisiry, National Academy of Sciences-National Research Council, 

Chairman, Division of Nuclear Chemistry and Technology, American Chemical Society, 1971. 

North Atlantic Treaty Oganization Postdoctoral Fellow in Sciences, University of Likge, Belgium, 

State Sponsor of the Collegiate Division, Tennessee Academy of Science, 1965-present. 
President, ‘Tennessee Academy of Science, 1971. 
Chairman, Committee on Collegiate Academies, Association of Academies of Science. 

Editorial Advisory Board, Jozirnal of Inorganic and Nuclear Chemistry, 1958 -present. 

Board of Directors, Institute of Catalysis. 

Member, Selection Committee for Contributed Papers to the XXIIlrd International Congress of Pure and 

1 9 6 2 ~  -present. 

J. R. Peterson’ 
Aug. 18, 1969, to Aug. 21, 1970. 

R. J. Raridon 

R. W. Stoughton 

E. H. Taylor 

W. E. Thiessen 
Applied Chemistry. 

FOREIGN MEETINGS AND ACTIVITIES 

Meeting and/or Activity 

Annual Meeting of Nuclear Scientists of Belgium, Apr. 15, 1970 

Joint Conference, Cherriical Institute of Canada and American Chemical Society, 

Summer Meeting, American Crystallographic Association, Aug. 15-21, 1970 

May 24 -29,1970 

EUCHEM Research Conference on Electron Spectroscopy, Sept. 7 ---9, 1970 

Conference on Photoionization Phenomena and Photoelectron Spectroscopy, 

Conference on Simple and Multiple Electronic Processes in the Region of 

Italian Crystallographic Society Congress, Sept. 27---Oct. 3 ,  1970 

Conference on Molecular Motions in Liquid, Oct. 5-8, 1970 

Conference on Radiochemistry, Sept, 28 --Oct. 8, 1970 

International Conference on Heavy Ion Physics, Feb. 11-17, 1971 

International Conference of Chemical Arts, Apr. 19-24, 1971 

Sept. 14-16, 1970 

X-Rays and Vacuuni UV, Sept. 21-25, 1970 

COLLABORATIVE RESEARCH 

Location 

University of Ghent 
Ghent, Belgium 

Toronto, Canada 

Carleton University 
Ottawa. Canada 

Uppsala, Sweden 

Oxford, England 

Paris, France 

Cagliari, Italy 

Herrenalb, Germany 

Dubna, U.S.S.R. 

Dubna, U.S.S.R. 

Paris, France 

Institution ColIaborator(s) Subject 

Andrews University 

Australian Atomic Energy Com- 
mission Research Establishment 

Brookhaven National Laboratory 

M. C. Kelley 
J. R. Van Hise 

R. W. Matthews 

Search for the O +  member of the two-phonon 

Photooxidation and fluorescence of Ce(1lI) 

Electron binding energies in curium 

vibrational state in “ O C ~  

M. L. Perlman 

Centenary College 

Centre d’Etude de L’Energie P. Fettweis Decay of O 1  Tc 

R. F. Walker, Jr. Properties of osmium alpha emitters 

Nucleaire, Mol, Belgium 

Staff Member(s) 

J. R. Peterson’ 

R. Livingston 

P. A. Agron 
W. R. Busing 
W. E. Thiessen 

T. A. Carlson 
M. 0. Krause 

‘T. A. Carlson 
M. 0. Krause 

T. A. Carlson 
M. 0 .  Krause 

A. H. Narten 

A. H. Narten 

R. J. Silva 

C. E. Bemis, Jr. 

0. I>. Keller, Jr. 

Staff Member(s) 

N. R. Johnson 

T. J. Sworski 

C. E. Beniis, Jr. 
P. F. Dittner 

R. L. Kahn 

G.  D. O’Kelley 

1. Consultant, Department of Chemistry, University of Tennessee, Knoxville. 
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Institution Collaborator(s) Subject Staff Meniber(s) 

An investigation of radioactive 163'rn1 David Lipscomb College J. W. Dawson N. R. Johnson 
R. J .  Silva 

N. K. Johnson Properties of radioactive s 4 Y  and 8 6 Y  University of Delft, Netherlands B, van Nooijen 
K. Rester 

S. C. Pancholi University of Delhi, India Investigations of the decay properties of 

Levels in 

84Y and 5 y F e  

tion and by the decay of 3.7-miIl " Gd 
1% excited by the (31-Ie,d) reac- 

Coulomb excitation of heavy elements 

N. K. Johnson 

Florida State University K. K. Sheline N K. Johnson 
G.  D. O'Kelley 

E. Fichler 
N K Johnwn 

T A. Carlson 

N R. Jolinwn 

R. 0. Sayer Furman University 

Use of atomic wave functions' 

Properties of radioactive 8 4  Y 

Indiana IJniversity 

institute of Nuclear Research, 
Amsterdam, Netherlands 

Lawrence Radiation Laboratory, 
Berkeley 

1,hermore 
Lawrence Ridiation I,aboratory, 

1:. B. Malik 

J. Konijn 

J. K. Peterson' Magnetic susceptibility studies of berkelium 
metal 

D. K. Fujita 
B. E. Cunningham 

R. G. Lanier Search for the O f  member of the two-phonon 

Levels in '"Tb excited by the (31ie,d) reac- 

Self-radiation effects on the physical and 

Pulse radiolysis and flash photolysis of oxygen 

vibrational state in ' "'GI 
tion and by the decay of 3.7-min ' ' Gd 

chemical properties of curium 

N. R. Johnson 

R. G.  Lanier 
K. A. Meyer 

M. No6 
J. Fuger 

P. J. Ogren 

N. K. Johnson 
G. D. O'Kelley 

J. R. Peterson' University of Likge, ~ e ~ g i u n i  

Mtaryville College C:. J. Rochanadel 
J. A. Chormley 
J. W. Hoyle 

C. J .  Hochanadel 
J.  A. Ghormley 
I. W. 13oylc 

3. S. Johnwn 
I(. A. Kraus 

Absorption spectrum of HOz radical in gas 
phase 

Massachusetts lnstitute of fech- 
nology School of Chemical 
Engineering Practice, Oak Ridge 
Station 

Meniphis State University 

Middle East Technical University, 

University of Missouri 

University o f  Naples, Italy 

NASA Manned Spacecraft Center 

Ankara, 'Turkey 

J .  T. Day 
P. H. Wadia 
and various teams 

I-lyperfiltration with dynamically formed 
membranes 

P. K. Sen Gupta 

N. K. Aras 

Studies of metalloceries 

Decay of " ' Tc 

G. M. Brown 

G. D. O'Kelley 

Electron spectroscopy' 

rjecay of lol 'Ic 

Determination of primordial and cosmogenic 
radionuclidc content of lunar material by 
gamma-ray spectrometry 

X-ray and neutron scattering from liquids 

Thermodynamic systematics among the 
members of the lanthanide and actinide 
series 

mass 89 and 88 
Decay of neutron-deficient nuclides of 

Study of solid polymers from radiolysis of 
pentaborane-9 vapor 

K. L. Cheng 

G. CXIosi 

E. Schonfeld 
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